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Preface

The successful development of computer-aided manufacturing by industry has made
it possible to create a multitude of different devices that can be used to process
materials using the application of heat, pressure, and an electric current or electro-
magnetic field simultaneously. These devices and processes belong to the area
of so-called field-assisted sintering, which offers fundamentally new materials
processing conditions. These sintering techniques enable the creation of materials
and components with unique properties. The most widely researched and used
representatives of these technologies are microwave, spark plasma, and flash
sintering.

Sintering of powder materials is both a widely used technological process and one
of the most basic physical phenomena. Indeed, the driving force of sintering is
surface tension, or, the minimization of surface energy. Field-assisted sintering,
which includes also the impact of electromagnetic factors, is, accordingly, a vivid
example of a fundamental and multi-physics process.

Field-assisted sintering technologies thus represent an excellent experimental
base for researchers engaged in the discovery of new materials. Simultaneously,
field-assisted sintering opens up wide opportunities for modeling the processes of
materials consolidation and synthesis while taking into account numerous physical
phenomena.

This book is an attempt to unify and compile the diverse field-assisted sintering
technologies. This monograph does not offer an exhaustive analysis of all the
nuances of technologies and theoretical concepts of field-assisted sintering. How-
ever, we tried to introduce the fundamental principles, hardware, and sample appli-
cations of both the most popular and less well-known types of field-assisted sintering
in a single format.

This monograph should be useful to researchers, industry professionals, and
senior undergraduate and graduate students specializing in the field of materials
engineering.

San Diego, CA, USA Eugene A. Olevsky
Novosibirsk, Russia Dina V. Dudina
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Chapter 1
Introduction

1.1 A Brief Historical Overview

Technological advances in many industries depend on the successful performance of
parts produced by sintering of powders. More demanding applications of the sintered
parts dictate new property requirements, which can be fulfilled only with the use of
more efficient sintering techniques. Sintering is a process of consolidating powder
particles into a bulk solid, which, in order to proceed, requires thermal activation of
diffusion or other mechanisms of mass transport [1]. In traditional thermomechanical
methods of powder processing, heat and pressure are the only tools to change the
state of a material, and, thus, the possibilities of the conventional powder consoli-
dation methods are limited in influencing the processes occurring in the powder
compact during sintering.

Flexibility can be added to the sintering process by the introduction of electric and
magnetic fields as sintering tools. A search for heating methods other than conven-
tional furnace heating was stimulated by the need of higher-productivity processes
and more uniform heating. Heat transport in initially porous bodies becomes a
serious issue as the size of the part to be sintered increases. For conducting materials,
a seemingly easy and convenient solution is volume heating by electric current. At
present, the field-assisted powder consolidation methods present a matter of great
scientific and practical interest, which is indicated by an enormous research activity
in this area. The main reasons the field-assisted sintering methods have become so
popular in the materials science community are the possibilities of sintering of a
wide range of materials to high relative densities in a short time, at temperatures
lower that in conventional sintering methods and with a control over grain growth.

Electric current was initially introduced in the field of sintering as a means of
rapid heating. Heating filaments of the incandescent lights were introduced by
Thomas Edison in the end of the 1870s [2]. The filaments were naturally consoli-
dated during the initial stage of the electric current passage. This idea, however,
while inherently present, was not explicitly formulated at that time. The author of the
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first patent on the application of resistance sintering is W. L. Voelker, who used a DC
current to conduct his experiments on the consolidation of filaments of electric light
bulbs in 1898 [3]. Resistance sintering was further developed by Sauerwald [4], who
conducted the processes under pressure; Taylor [5], whose work had a goal to sinter
refractory metals; and Lenel [6]. Soon it was realized that it is not only the presence
or absence of current but also its application mode that have to be given particular
attention. In the 1960s, patents by Inoue [7, 8] introduced electric discharge
sintering, which served as a basis for the development of the spark plasma
sintering (SPS) method and equipment by a Japanese company – Sumitomo Coal
Mining Ltd. – in the 1990s. Impulse resistance sintering was used by Greenspan
[9]. In that process, sintering started at a low pressure to benefit from heating of the
contacts between the particles in the beginning of the process; the pressure was
further increased as the sintering progressed. Also, microwave sintering and
sintering by high-voltage electric pulses have been studied and developed indepen-
dently for more than half-century, as described in the respective chapters of
this book.

A number of review articles have been published since 1993 discussing the
advantages and development strategies of field-assisted sintering techniques [10–
22]. In these reviews, low-voltage pulsed current-assisted sintering, including SPS,
has received particular attention [10–19]. The only monographs on field-assisted
sintering are those written by Raichenko [23] and Belyavin et al. [24] published in
Russian in 1987 and 1993, respectively. In electric current-assisted sintering,
Belyavin et al. [24] saw a solution to the sintering challenges of refractory metals
– a solution more promising than the introduction of low-melting-temperature
additives. Although the monograph by Raichenko has been cited in research papers
a great number of times, it has never been translated into English and remains
accessible only to a limited audience. Many years have passed from the publication
of this monograph; in these years, the field-assisted sintering has been greatly
developed and strengthened by both research results and equipment design. A
textbook on the methods of compaction and consolidation of nanostructured mate-
rials and products was published in 2008 by Khasanov et al. [25] in Russian, and
only one chapter in it was devoted to field-assisted consolidation, namely, SPS.

Multiple possibilities of field application to powder and pre-compacted speci-
mens make field-assisted sintering quite a broad area of solid-state research. This
book is an attempt to summarize and critically analyze the up-to-date knowledge on
the mechanisms of field-assisted sintering processes operating in different field
application schemes. We did not aim at reviewing all successful sintering experi-
ments and trials; many of them have been given credit in published reviews
[17, 18]. In order to give the reader an understanding of what drives the sintering
process when electromagnetic field is applied to the powder compact, we first briefly
describe the phenomena that may be involved in the field-assisted sintering pro-
cesses. In the following chapters, the physical principles and related equipment of
high-voltage consolidation, low-voltage consolidation, flash sintering, induction
heating sintering, microwave sintering, magnetic pulse compaction, and some
other field-assisted sintering techniques are presented along with the analysis of
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the relevant theoretical and experimental work elucidating the process mechanisms.
At the end of each chapter, selected examples of materials produced by field-assisted
sintering are given to show the potential of those sintering methods for practical
applications.

The concept of field-assisted sintering allows a wide range of field and pressure
application schemes. According to the classification presented by Grasso et al. [18],
the processes of pulse electric current-assisted powder sintering can be divided into
fast techniques (the current is applied for durations longer than 0.1 s) and ultrafast
techniques (the current is applied for durations shorter than 0.1 s). Fast processes are
characterized by durations of up to several minutes, current densities reaching
1 kA cm�2 and voltages of several volts. The powder sintering facilities using this
mode of electric current application include a standard electric pulse generator
providing low voltages and high electric currents to the sample. The duration of
each pulse ranges from 1 to 300 ms. The pulses are applied to the sample for a total
duration of several minutes or tens of minutes. The fast methods are suitable for
sintering of both conductive and non-conductive materials. The ultrafast methods
usually require relatively high applied pressures (up to several GPa) and very high
current densities (�10 kA cm�2). The voltages vary from several volts to several
kilovolts. The discharges with durations of 10�5

–10�1 s are generated by capacitors.
The ultrafast methods are mostly suitable for conductive materials1.

In the area of sintering assisted by pulsed current, several terms are used to refer
to one and the same sintering method. This situation developed as scientists and
equipment engineers tried to emphasize different aspects of the developed methods.
The same method and equipment can be referred to using different terms in publi-
cations by different authors, while one and the same term is often used to refer to
methods principally different from each other by the current application scheme.
Additional variations of the terms denoting field-assisted sintering techniques appear
when those are translated into English from another language.

Belyavin et al. [24] suggested a classification of the field-assisted sintering
methods, in which they are grouped by the character of the physical processes
involved in heating of the powder material (Fig. 1.1). Direct heating of the powder
occurs whenever a current passes through the compact. Indirect heating can be
caused by several phenomena associated with electric current. None of the indirect
heating methods can be considered versatile, each being suitable for selected appli-
cations. The main advantages of induction heating are high heating rates and a
possibility of concentrating a high power in a small volume of the material. How-
ever, the physical and chemical processes involved in induction heating-based
sintering are still rather poorly understood on a microscopic level.

The characteristic values of the parameters of field-assisted sintering techniques
are presented in Table 1.1. The following terms are used to refer to high-voltage
(mostly ultrafast) processes of sintering that employ electric current applied in a
pulsed mode: electric pulse pressing (EPP), electric discharge sintering (EDS),

1Material’s electric and thermal conductivities may rapidly change during heating.
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electric discharge compaction (EDC), pulsed electric discharge (PED), high-rate
electric discharge compaction (HREDC), environmental electric discharge sintering
(EEDS), capacitor discharge sintering (CDS), pulse plasma sintering (PPS), and
electric pulse sintering (EPS). Low-voltage consolidation is usually referred to as

Fig. 1.1 Classification of the field-assisted sintering methods by the heating method of the powder
materials. (Drawn using data of Ref. [24])

Table 1.1 Characteristic values of the parameters of field-assisted sintering methods

Field-assisted sintering method Field application mode
Total process
duration Pressure

Resistance sintering DC, AC currents 10�2
–102 s 10 MPa-

1 GPa

High-voltage electric discharge
consolidation

Current pulse from a capacitor
discharge

<1 s 10 MPa-
1 GPa

Flash sintering DC current Several
seconds

No
pressure

Electric discharge sintering,
spark plasma sintering (SPS)

Pulsed DC 1–20 min 10 MPa-
1 GPa

Sintering in the constant electric
field in the noncontact mode

Low DC current or no current
through the sample

Several
minutes

No
pressure

Microwave sintering Microwave radiation Several
minutes

No
pressure

Induction heating sintering AC 1–20 min 10 MPa-
1 GPa

Magnetic pulse compaction
(MPC)

Acceleration of the impactor
by magnetic field generated by
a current pulse from a capacitor
discharge

<1 s Several
GPa
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spark plasma sintering (SPS), electric discharge sintering (EDS, especially in the
literature published in Russian [23]), pulsed electric current sintering (PECS), or
field-assisted sintering technique (FAST). The statistics of publications on SPS from
1993 to 2008 is presented in Fig. 1.2 [16]. The statistics of publications and patents
on SPS from 1973 to 2006 was provided in Ref. [26] and extended in Fig. 1.3 to

Fig. 1.2 Statistics of publications on spark plasma sintering. (Reprinted from Munir et al. [16],
Copyright (2010) with permission of John Wiley & Sons)

0

10

20

30

40

50

60

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300

1976 1986 1996 2006 2016

N
um

be
r o

f P
at

en
ts

N
um

be
r o

f P
ub

lic
at

io
ns

Year

Number of Publications (Web 
of Science, Scopus)

Number of Patents (Scopus)

Fig. 1.3 Statistics of
publications and patents on
spark plasma sintering
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2016. The number of publications on electric pulse sintering (high-voltage tech-
niques) over the 1976–2011 period is shown in Fig. 1.4 [22].

Electric discharge sintering (EDS, a low-voltage technique) should, in a general
case, include two different stages, the first one favoring the formation of discharges
between the particles for efficient heating of the contacts, and the second one
favoring densification [23, 27]. Some authors use the term “electric discharge
sintering” to refer to a two-stage process, the first stage of which is a high-voltage
pulse, while the second stage includes the action of an electric current of high density
and lasts several tens of minutes [28]. During the first stage, even in powders having
an oxide film on the particle surface, the inter-particle contacts successfully form,
promoting efficient sintering at the second stage.

1.2 Thermal and Nonthermal Effects in Field-Assisted
Sintering

Most of the studies conducted on field-assisted sintering are based on experimental
trial-and-error attempts to consolidate various powder systems. One of the most
important questions is which factors provide accelerated densification and, in many
cases, limited grain growth in field-assisted sintering compared with regular hot
pressing applied to the same material systems. The difference between the outcomes
of field-assisted and conventional powder hot consolidation processes can be attrib-
uted to various physical factors, which are grouped as phenomena of thermal nature
and those of nonthermal nature corresponding to the so-called field effect.

Fig. 1.4 The number of publications on electric pulse sintering (high-voltage techniques).
(Reprinted from Yurlova et al. [22], Copyright (2013) with permission of Springer)
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1.2.1 Thermal Effects in Field-Assisted Sintering

The group of factors of thermal nature may include [26]:

1. High heating rates, which enable higher sinterability of the powders
2. High local temperature gradients, which provide conditions for thermal diffusion
3. Highly nonuniform local temperature distributions, which cause local melting

within inter-particle contact areas
4. Highly nonuniform macroscopic temperature distributions, which create thermal

stresses intensifying dislocation creep

It has been shown that high heating rates increase the sinterability of powder
compacts by suppressing surface diffusion at the early stages of sintering. High
heating rates also ensure limited grain growth. Experimentally, it has been shown in
a number of investigations that an increase in the heating rate considerably increases
the consolidation rate of conductive and non-conductive powders during SPS. For an
alumina powder, it was shown that switching from a heating rate of 50 �C�min�1 to a
heating rate of 300 �C�min�1 while keeping the same maximum temperature allowed
decreasing the sintering time by a factor of six and reaching the same final density
[29]. Physically, this was explained by the presence of additional defects in the
material directly related to high heating rates and a short duration of the process.
Johnson [30] qualitatively showed that high heating rates minimize the effects of
surface diffusion processes not contributing to densification; hence, the compact
body reaches higher temperatures in a highly sinterable state. From the modeling
studies conducted by Olevsky et al. [26] for the SPS process, it was concluded that
surface diffusion contributes to the evolution of the pore surface curvature, thereby
influencing the intensity of grain-boundary diffusion at the early stages of sintering.
The interaction of surface and grain-boundary diffusion is thus one of the major
mechanisms enabling the impact of heating rates on the consolidation kinetics.
Another heating rate-sensitive contribution to the densification is related to the
shrinkage kinetics by power-law creep accelerated by a rapid increase in tempera-
ture. Both the calculations and the experiments [26] show an increase in the
maximum shrinkage rate for larger particle sizes. This mostly unusual for conven-
tional powder sintering and hot pressing phenomenon is explained under conditions
of rapid heating by the delayed pore tip spheroidization and the intensification of
grain-boundary diffusion at early stages of sintering for larger grain sizes.

In contrast to conventional powder consolidation techniques, high local temper-
ature gradients caused by nonuniform current distribution in the compacts at the
scale of the particle size can instigate additional driving forces for consolidation.
Ludwig–Soret effect of thermal diffusion leads to the formation of concentration
gradients in initially homogeneous two-component systems subjected to a temper-
ature gradient [31]. For the case of atomic and vacancy diffusion in crystalline solids,
this effect was studied by a number of authors; its theoretical interpretation was
conducted by Shewmon [32] and Schottky [33]. For the electric current-assisted
sintering, the effect of thermal diffusion was analyzed by Kornyushin [34]. Later, for
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rapid densification, the role of temperature gradients was studied by Searcy [35] and
Young and McPherson [36]. Johnson [30], however, argued against the significance
of thermal diffusion for the sintering enhancement in microwave sintering in a
debate with Young and McPherson [37].

On a microscopic scale, the electric field lines become denser when the current
flows around the pores, which leads to a local temperature rise and the formation of
large temperature gradients. Gostomelskiy and Krupnova theoretically analyzed the
growth and healing processes of isolated pores in a metal subjected to pulses of
electric current [38]. They concluded that heating of the metal by electric pulses
intensifies the healing (disappearance) of pores in comparison with furnace heating
up to the same final temperatures. As the temperature of the pore surface is higher
than the volume temperature, the temperature gradient leads to the diffusion of
vacancies in the pores resulting in the pore growth. At the same time, the vacancy
concentration gradients form due to rapid heating. While a certain time is needed for
the vacancy concentration to reach its equilibrium value corresponding to the
temperature in the volume of the material, this occurs instantaneously at the pore
surface. Consequently, the vacancies diffuse from the vicinity of large pores
resulting in the pore healing. To reduce the temperature gradients, the sintering
process should consist of short multiple pulses (10�5 s) with an interval between
them one or two orders of magnitude longer than the duration of the pulse. Large
pores are reduced in size at a higher rate, which is related to the vacancy flux being
proportional to the surface area of a pore. The reduction of porosity will be
successfully achieved if the heating of the material by electric pulses is such that
the temperature gradients due to the presence of pores potentially leading to the pore
growth are not high, while the vacancy gradients between the pore surface and the
volume of the material are sufficient to heal the pores. The healing of large pores can
be looked upon as the reaction of the system to the increased intensity of the electric
field in the vicinity of pores as the diffusion of vacancies from the regions surround-
ing large pores in the direction of smaller ones reduces the differences in the intensity
of the electric field.

A possible contribution of thermal diffusion to the SPS processes has been
discussed by Olevsky and Froyen based on modeling results presented in Ref.
[39]. The calculation results indicated that local temperature gradients (concentrated
in the area of inter-particle contacts) can exceed the macroscopic temperature
gradients by 3–4 orders of magnitude. The intensity of thermal diffusion increases
for higher pulse frequencies. Thermal diffusion promotes the separation of atoms
and vacancies. At the early stages of sintering, this should lead to the growth of inter-
particle necks, which corresponds to the enhancement of sintering. At the final stages
of sintering, however, the pores may serve as vacancy sinks under thermal diffusion
conditions, which impedes sintering. It is possible that the increased pulse frequen-
cies enhance sintering at the early stages of SPS and hinder sintering at the late
stages. In some experimental studies, the pulse frequency was found to have a
limited impact on the SPS results [40]; its contributions at early and late stages of
SPS could have offset each other.
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Resistance heating of two spherical particles was modeled by Kuz’mov et al. [41]
for spherical particles having a thin oxide film on their surface. In practice, the
presence of oxide films on the surface of metallic powders is rather common. The
model allowed obtaining the dependences of the temperatures and the temperature
gradients on the contact voltage and the relative contact resistance. The contact
voltage is the potential difference between the centers of the particles. In the
calculations, it was varied from 0.01 V to 0.4 V. The relative contact resistivity kρ
was calculated as follows:

kρ ¼ h

r
∙
σ0
σ
, ð1:1Þ

where h is the thickness of the oxide film, r is the particle radius, σ0 is the electrical
conductivity of the material of the particle, and σ is the electrical conductivity of the
oxide film. As can be seen in Fig. 1.5 showing the temperature distribution obtained
by modeling of the resistance heating of spherical copper particles 10 μm in
diameter, the temperature of the inter-particle contacts is substantially different
from the average macroscopic temperature of the sample. Figure 1.6 shows the
parametric isolines of the average temperature. Unlike temperature, its gradient is
inversely proportional to the particle size. If the contact resistivity is constant, the
temperature gradient increases with decreasing particle size. The temperature gradi-
ents in the contact region between the powder particles with a size of 10 μm exceed
106 K�m�1. Such temperature gradients may have a noticeable effect on mass
transfer by the mechanisms of thermal diffusion and non-equilibrium distribution
of vacancies [36]. If the particle size is varied, while the voltage drop across a
macroscopic sample (i.e., macroscopic electric field strength) is kept constant, the
contact voltage is proportional to the size of the contacting particles, and the gradient
decreases with this size. This is because the inversely proportional relationship
between the temperature gradient and the particle size cannot balance the nonlinear
(nearly parabolic) dependence on contact voltage. The maximum temperature gra-
dient (Fig. 1.7) differs from the average gradient in that it does not tend to zero as the

Fig. 1.5 Temperature
distribution obtained by
modeling of the resistance
heating of spherical copper
particles 10 μm in diameter
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Fig. 1.6 Parametric isolines of the average temperature obtained using modeling of the resistance
heating of spherical copper particles 10 μm in diameter. (Drawn using data of Ref. [41])

Fig. 1.7 Parametric isolines of the maximum temperature gradient obtained using modeling of the
resistance heating of spherical copper particles 10 μm in diameter. (Drawn using data of Ref. [41])
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contact resistivity tends to zero. In other respects, the behavior of these quantities is
similar, and the above reasoning on the average gradient is true for the maximum
gradient. It was shown [36] that the resistance heating of a powder can cause melting
in the contact region at very low macroscopic temperature.

The fact that the local temperature at the inter-particle contact region may be
much higher than the macroscopic temperature of a consolidating body should be
taken into account when shrinkage of the powder compact is described. Since the
neck between the particles is also a region of major deformation, especially at the
early stages of consolidation, resistance heating causes faster shrinkage than con-
ventional furnace heating at the same temperature and external pressure. The power-
law creep equation [42] can be used to prove that even a difference of a few hundred
degrees in the temperature causes a significant increase in the shrinkage rate of the
powder compact:

_γ ¼ A
DvGb

kT

σs
G

� �n
, Dv ¼ Dv0exp �Qv

RT

� �
ð1:2Þ

In Eq. (1.2) _γ is the shear strain rate, A is a dimensionless constant, Dv is the lattice
diffusion coefficient, G is the shear modulus, b is the Burgers vector, σs is the shear
stress intensity, and Qv is the activation energy of diffusion.

While the local temperature gradients lead to thermal diffusion of vacancies, the
macroscopic temperature gradients lead to thermal stresses. The thermal stresses,
being internal stresses for a porous specimen, cannot independently contribute to the
overall macroscopic volume shrinkage. They, however, can impact the processes of
the generation and motion of dislocations, which can influence the diffusion rates
during sintering. Tuchinskii [43, 44] analyzed thermal stresses in porous compacts
originated from a nonisothermal state of the specimen at the beginning of heating. A
situation, in which a porous cylinder is heated from its external surface placed in an
atmosphere of a constant temperature exceeding that of the initial temperature of the
cylinder, was considered. By analyzing the equations for the radial σr and peripheral
stress σθ over the cross section of the cylinder, it was found that the peripheral stress
is greater in absolute magnitude than the radial stress. On the cylinder axis, the
stresses are equal to each other: σr ¼ σθ. During heating of the specimen, the radial
stress is tensile throughout the volume of the cylinder increasing from zero on the
specimen surface to σr ¼ σθ on the cylinder axis. The peripheral stress in the outer
layers is compressive. It reaches its maximum absolute value on the cylinder surface
and then decreases reaching zero at a certain distance from the cylinder axis. After
that, it changes sign becoming tensile and grows in magnitude.

Tuchinskii emphasizes that thermal stresses alone acting inside the porous body
cannot lead to volume shrinkage of the compact as the hydrostatic pressure gener-
ated by the thermal stresses averaged throughout the volume is equal to zero. A
possible mechanism of activation of sintering under nonisothermal conditions may
be related to the generation and motion of dislocations under the action of thermal
stresses, which, in turn, accelerate the diffusion processes responsible for mass
transport. The thermal stresses can exceed the Laplacian stress. In order to conclude
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on the ability of thermal stresses to make dislocation sources active, the rms values
of thermal stresses, equations for which were derived in Ref. [45], should be
compared with the yield stress of the material. Taking into account the dependence
of the yield stress on the temperature in his calculations, Tuchinskii showed that
thermal stresses generated during rapid heating of a porous nickel compact
(at heating rates characteristic of induction heating) are high enough to cause plastic
deformation in the outer and inner layers of the compact, actuate Frank–Read
sources, and, thus, enhance sintering. In conventional furnace sintering, thermal
stresses are likely to reach the value of the yield stress of the material only in the
outer layers of the compact [43]. A critical heating rate parameter was introduced in
Ref. [44] to conclude on the possibility of plastic relaxation of thermal stresses. At
heating rates exceeding the critical value, the dislocation sources become operative,
and generation of new dislocations can be expected in the material.

1.2.2 Nonthermal Effects in Field-Assisted Sintering

The nonthermal group of factors contributing to enhanced densification in field-
assisted sintering may include [26]:

1. Electromigration and intensified diffusion in ionic conductors
2. Electroplasticity effects
3. Ponderomotive forces
4. Electromagnetic “pinch” effect
5. Dielectric breakdown of oxide films (cleansing effect) and defect generation at

grain boundaries
6. Plasma formation

Nonthermal effects of electric current were studied experimentally by Asoka-
Kumar et al. [46] and Garay et al. [47]. They used positron annihilation spectroscopy
to obtain information on the defect concentrations in solid materials subjected to
electric current. Asoka-Kumar et al. showed that an electric current of a density of
8�104 A�cm�2 passing through the Al-0.5 wt.%Cu alloy induces the dynamic forma-
tion of vacancies. The increase in the vacancy concentration was substantially greater
than that caused by thermal generation alone (4 � 1018 cm�3 vs. 3 � 1017 cm�3).
Garay et al. found that a DC current increases the kinetics of annealing of the
previously stored defects in Ni3Ti and attributed the observed effect to the electron
wind, although no dependence of the effect on the direction of electric current was
observed. A lack of asymmetry could be a consequence of the complex crystalline
structure of the Ni3Ti intermetallic, in which the diffusion of one element is coupled
with diffusion of the other because the structure and stoichiometry have to be
maintained. These results shed light on the mechanism of the influence of electric
current on solid-state chemical reactions involving metals.

Frei et al. [48] showed that DC current has a marked effect on neck growth
between copper spheres 3 mm in diameter and copper plates using a SPS apparatus
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and a modified die/punch assembly that allowed separating the influence of the
temperature and the current (Fig. 1.8). In a general case of current-assisted sintering,
the current and the temperature of the compact are dependent parameters. Since the
only source of heat is Joule heating, the power generated to maintain a steady-state
temperature is constant. By introducing a stack of alternating copper disks and
graphite foils into the SPS die assembly, it was possible to vary the current passing
through the sample at a constant electric power (and, consequently, at a sample
constant temperature). The resistance of the graphite foil and the contact resistance in
this case made the dominant contribution to the resistance of the assembly. The
effect of current on neck growth is seen in Fig. 1.9 showing images of the areas on
the lower copper plate that were sinter-bonded to copper spheres after their
separation.

Fig. 1.8 Schematic of the experiment with copper spheres between copper plates to study the effect
of current on neck growth in a pulsed electric current sintering apparatus. (Reprinted from Frei et al.
[48], Copyright (2007) with permission of AIP Publishing)
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The experimental data were fitted into the equation for the initial stage of sintering
for a simplified model of spherical particles sintered at a constant temperature

x

R

� �n
¼ Bt

Rm , ð1:3Þ

where B is a constant containing the diffusion coefficient, R is the radius of the
sphere, x is the diameter of the neck, t is the time, and n and m are sintering
mechanism-dependent constants. Values of sintering exponent n that were found
showed that no classic sintering mechanism could be applied to describe the process.
An interesting observation was the formation of voids in the neck region, especially
at the edge region (Fig. 1.10). The size of the voids increased with the sintering time.

The correlation of sintering enhancement with the level of current demonstrated
by Frei et al. [48] was explained by electromigration. The flux Ji of the diffusing
species “i” is a result of the momentum transfer from the electron wind effect:

Ji ¼ �DiCi

RT

RT∂ lnCi

∂x
þ Fz∗E

� �
ð1:4Þ

Fig. 1.9 Scanning electron microscopy images of the areas on the lower copper plate that were
sinter-bonded to copper spheres at 900 �C for 60 min: (a) no current, (b) 700 A, (c) 850 A, (d) 1040
A. (Reprinted from Frei et al. [48], Copyright (2007) with permission of AIP Publishing)
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Di is the diffusivity of the ith species, Ci is the concentration of the species, F is
Faraday’s constant, z∗ is the effective charge on the diffusing species, E is the field,
R is the gas constant, and T is the temperature. A large size of the voids observed in
these experiments raises a question of the scale of the electromigration-induced
effects.

An interesting observation was the presence of ledges on the surface of the copper
plate, which became less abundant as the distance from the neck increased. The
occurrence of these ledges was related to the current, as they were not observed in
experiments conducted in the absence of current. The formation of the ledges was
attributed to the effect of surface electromigration on evaporation.

Burenkov et al. [49] provided evidence of the operation of mechanisms other than
diffusion during electric current-assisted sintering of porous compacts. With diffu-
sion mechanisms operating, the linear size of the neck between particles X depends
on the sintering time t according to a power relationship Xn~t. For volume diffusion,
n ¼ 5, while for surface diffusion, n ¼ 7. Although this relationship is valid for
isothermal conditions, it was considered applicable for the estimation of the neck
growth exponent in the electric current-assisted processes. The values of n were
found to vary in a wide range – from 0.5 to 5. These estimates, especially the

Fig. 1.10 Scanning electron microscopy images of the areas on the lower copper plate, which were
sinter-bonded to copper spheres, total current 1040 A, temperature 900 �C: (a) 15 min, (b) 30 min,
(c) 60 min. (Reprinted from Frei et al. [48], Copyright (2007) with permission of AIP Publishing)
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observed cases of very low n, are of great importance for the understanding of the
sintering mechanisms, as they point to the operation of very vigorous processes, such
as viscous flow and spreading of the liquid metal squeezed out of the contact zone
over the solid surfaces. There was no fundamental difference in the interaction
between the contacting particles located along the line parallel to the direction of
the current and between those located along the line perpendicular to the direction of
the current.

The role of melting processes in establishing the inter-particle contacts was
addressed by Belyavin et al. [24]. They observed experimentally and described
mathematically the processes at inter-particle contacts, the main feature of which
was local melting. The behavior of the molten column formed between the particles,
namely, shape changes of the molten column, a stability loss, and squeezing of the
molten metal from the contact area, depends on the relative influence of the applied
mechanical pressure, electromagnetic forces, and surface tension. If mechanical
pressure squeezes the molten metal from the inter-particle contact area, the size of
the contact decreases and so does its mechanical strength.

A constitutive model of SPS taking into consideration the direct contribution of
electric current to grain-boundary diffusion was developed by Olevsky and Froyen
[50]. They constructed a densification map for an aluminum powder consisting of
three porosity/grain size domains. In each of these domains, one of the three
considered driving factors of material transport – externally applied load, surface
tension, and electromigration – is dominant (Fig. 1.11). The power-law creep
induced by an external stress always dominates for higher porosities. For lower
porosity values, the electromigration can become the dominant mechanism, and for
smaller particle sizes and low porosity, surface tension is the main driving factor for
densification. For very small porosities in the electromigration-dominating zone, the
ultimate collapse of voids may require externally applied load as the primary factor.

A significant contribution of high-intensity fields to the materials deformation can
be expected thanks to electroplasticity effects [51]. During deformation of aluminum
alloy Al7475 in a DC field (field intensity 2 kV�cm�1), the flow stress and the strain
hardening exponent of the superplastic deformation were reduced by the electric
field, while the strain rate sensitivity exponent was increased. The fracture surface of
the specimen tested under the electric field showed the presence of whiskers, whose
formation could not be explained by diffusion or dislocation-involving mechanisms
because of very high degrees of deformation near the grain boundaries that must
occur for such whiskers to form (Fig. 1.12). Therefore, viscous flow of a quasi-liquid
was suggested as an explanation of the observed fracture morphology. The applica-
tion of a DC field led to a number of effects, including dissolution and coalescence of
the dispersoids in the alloy and formation of dispersoid-free zones near the grain
boundaries.

A reduction in the flow stress during the tensile deformation of ceramics at
high homologous temperatures was analyzed by Conrad and Yang for fields
<500 V�cm�1 [52]. The Joule heating was considered as giving only a minor
contribution to the reduction of the flow stress. The main mechanism was a decrease
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in the potential of the vacancy formation corresponding to the diffusion of the rate-
controlling ions in the space-charge region at grain boundaries. It was concluded
that, for some oxides, dynamic grain growth is retarded by the electric field influenc-
ing grain-boundary mobility within the space-charge zone.

Fig. 1.12 Fracture surface of Al7475 tested without electric field (a) and at an applied field with an
intensity of 2 kV/cm (b) at 516 �C. (Reprinted from Cao et al. [51], Copyright (1990) with
permission from Elsevier)

Fig. 1.11 Densification map for Al powder,
U

l
¼ 417 V=m, T ¼ 673 K, σx ¼ 283 MPa. (Reprinted

from Olevsky and Froyen [50], Copyright (2006) with permission from Elsevier)
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Kim et al. [53] reported the influence of DC currents on the grain growth of yttria-
stabilized zirconia (Fig. 1.13). In their experiments, pre-sintered specimens of yttria-
stabilized zirconia were annealed in a furnace with and without the application of a
DC current. The microstructure of the fully dense pre-sintered specimen is shown in
Fig. 1.13a. The sample temperature was higher than the set furnace temperature due
to Joule heating when the current density was greater than 20 A�cm�2. Grain growth
in the electrically loaded samples depended on the location. Enhanced grain growth
was observed at the cathode side of the specimen (Fig. 1.13b, c). In a fully dense
sample subjected to a DC current, the grain growth started at 1150 �C at the cathode
side, which is well below the conventional sintering temperature. The lower limit for
the current density to trigger grain growth at 1150 �C was 1.5 A�cm�2 (from 1.2 to
1.5 μm after 24 h of annealing). Without an electric current, there were no grain
growth at 1250 �C and only a slight increase in the grain size from 1.2 to 2.0 μm at
1350 �C after annealing for 20 h. At the anode side, a temperature of 1400 �C was
needed to initiate grain growth. The observed effect was attributed to supersaturated
oxygen vacancies accumulated at the cathode side leading to reduction of the
cations, which, in turn, lowers their migration barrier. When the pre-sintered material
was only 70% dense before electric loading, grain growth was initially suppressed,
while densification was enhanced by the presence of the electric current. Faster

Fig. 1.13 Microstructure of the initial fully dense yttria-stabilized zirconia containing 8 mol.% of
Y2O3 obtained by hot isostatic pressing, average grain size 1.2 μm (a), region of step transition of
the grain size in the sample subjected to a current density of 50 A �cm�2 for 300 min at 1340 �C (b)
and grain size evolution at the anode and cathode sides of the sample with time at 1350 �C and a
current density of 50 A �cm�2 (c). (Reprinted from Kim et al. [53], Copyright (2011) with
permission of John Wiley & Sons)
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densification occurred at the cathode side. After full densification was reached, the
grain growth started at the cathode side.

Ghosh et al. [54] reported retarded grain growth under applied electric field for
dense nanocrystalline 3 mol% yttria-stabilized zirconia prepared by the sinter-forging
technique and annealed for 10 h at 1300 �C. The distribution of the electric field in the
specimen obtained by the finite element analysis and the spatial correspondence
between the grain size and the magnitude of the applied field are shown in
Fig. 1.14a–b. The grain size in Fig. 1.14b is normalized with respect to the average
grain size obtained without electric field. Among possible underlying mechanisms of

Fig. 1.14 The distribution
of the electric field in the
specimen obtained by finite
element modeling (FEM)
(a) and the spatial
correspondence between the
grain size and the magnitude
of the applied field for 3 mol
% yttria-stabilized zirconia
(b). (Reprinted from Ghosh
et al. [54], Copyright (2009)
with permission of John
Wiley & Sons)
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retarded grain growth, Ghosh et al. considered a thermodynamic effect of the mini-
mum in the interfacial energy formed due to more intense Joule heating of the
boundary having a higher electrical resistance than the grains.

Following the results reported by Ghosh et al., Holland et al. [55] performed a
thermodynamic analysis of the grain growth suppression effect in the presence of a
thermal gradient. They argued that in mixed or ionically conducting ceramics, no
significant contribution of temperature gradients can be expected due to high thermal
conductivities and nanometric grain sizes. Along this line, an explanation of the
retarded grain growth in the presence of an electric field concerned with an altered
grain-boundary mobility and enhanced solute segregation also suggested by Ghosh
et al. [54] gains more importance.

The influence of the electric field on grain growth is especially important for
nanograined materials, as the densification rate is inversely proportional to the fourth
power of the gain size [56]:

_ρ ¼ Af ρð Þ
Td4

e�
Qb
RT , ð1:5Þ

where A is the material constant,Qb is the activation energy for self-diffusion at grain
boundaries, f(ρ) is a function of the density, T is the temperature, and d is the grain
size. As is seen from the above expression, sintering accompanied by grain growth
slows down significantly.

Another nonthermal effect of electric field is migration of pores and gas bubbles
in ceramics. Such observations were reported by Kim et al. [57] for yttria-stabilized
zirconia (8YSZ). Pores and gas bubbles migrated against the field at temperatures, at
which the lattice and grain-boundary diffusion was frozen.

The significance of nonthermal effects is currently recognized in the area of
microwave sintering. The first studies of the use of microwave radiation for high-
temperature processing of materials date back to the 1960s [58]. In the field of
microwave sintering of ceramics, the pioneering experimental work was done by
Tinga and Voss [59], Berteaud and Badot [60], Meek et al. [61], and Johnson
[62, 63]. It was found that microwave sintering has features of high importance for
the industry, which include a significant (50–100 �C) decrease in the process
temperature and a reduction in the duration of the high-temperature stage of the
sintering process. One of the possible reasons for the latter is an inverse distribution
of porosity at the intermediate stage of sintering due to volumetric heating, which
facilitates densification [64]. The presence of nonthermal effects in microwave
sintering was attributed to the action of ponderomotive forces, which reflect the
influence of high-frequency electromagnetic fields on mass and charge transport in
ionic crystalline solids [65–67]. The nature of ponderomotive forces is the interac-
tion of the microwave field with the effective electric charges of vacancies. As the
microwave-induced flux of vacancies oscillates at the microwave frequency, in order
to exert influence on mass transport, it needs to be “rectified” through a certain
mechanism that transforms the oscillatory motion into a monotonic drift. Such a
mechanism has been elaborated by Rybakov et al. [65] and Olevsky et al. [66], who
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suggested that rectification can be caused by perturbations of the vacancy flow near
the pore surfaces of limited permeability for the vacancies.

The pinch effect is self-constriction of the sintered compact in the radial direction
by the magnetic field of the current passing through the compact [22]. The distribu-
tion of the magnetic pressure over the sample’s cross section is of a parabolic
character and is more uniform when occurring simultaneously with the skin effect.
The pinch effect helps eliminate the problem of friction between the compact and the
die wall and maintain the porosity of the compacts as they are pressed out of the die
(when the target material is a porous material).

The presence of surface oxides on metallic particles may slow the resistance
sintering kinetics or accelerate it depending on the probability of their breakdown. If
no breakdown occurs, the films act as barriers for electric current and hinder
sintering kinetics. If breakdown of the films does take place, sparking between the
particles can accelerate sintering.

Possible plasma effects still remain a controversial and open area of discussion
within the field-assisted sintering scientific community. The formation of plasma
requires certain levels of vacuum and voltage, which are different in various field-
assisted sintering techniques. While high-voltage discharge compaction is routinely
carried out in the presence of plasma-related phenomena, low-voltage modes of the
field-assisted sintering (such as SPS) in most cases exclude these effects. Some
localized plasma effects, depending on the processed material’s chemical composi-
tion and structure characteristics, are claimed by some authors to be present during
low-voltage-assisted processing too [68].

In the following book chapters, we describe in detail the underlying physical
phenomena and the respective technical equipment for various known types of the
field-assisted sintering techniques. We will demonstrate that the usually high rate of
field-assisted processing is based on various transient thermal and nonthermal
phenomena, which, if properly managed, provide a unique environment for densi-
fication and microstructure retention. In fact, in many cases, a successful field-
assisted sintering process utilizes the conditions of controlled non-equilibrium.
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Chapter 2
Resistance Sintering

2.1 Principle and Physical Mechanisms of Resistance
Sintering

Lenel [1] classified resistance sintering under pressure as a type of hot pressing. In
resistance sintering under pressure, high currents pass through the powder compact
at low applied voltages. In conventional hot pressing, the die is heated by radiation
from resistive heaters, by high-frequency induction, or by passing an electric current
through it. The material of the die needs, therefore, to be able to withstand temper-
atures required for high-temperature sintering and possess sufficient mechanical
strength. In order to overcome these difficulties, one can heat only the material to
be sintered not heating the die directly by passing a high current through the powder
compact. In resistance sintering, the heat is generated within the powder and is not
conducted from the die. Therefore, only conductive materials can be sintered by
resistance sintering. Taylor suggested placing powders in a glass or ceramic tube
between the plungers [2]. In a setup described by Lenel [1] (Fig. 2.1), a green
compact or a loose powder is placed between wafers, which are made of a material
that has a higher electrical resistivity, a lower thermal conductivity, and a higher
melting point than the material of the plungers to make the heat distribution in the
sample more uniform. If wafers are not used, then the heat is rapidly dissipated
through the plungers, which are made of a highly conductive material, resulting in
insufficient sintering of regions near the flat ends of the sample. The powder compact
is isolated from the die by a ceramic liner.

Resistance sintering is performed when a direct current or an alternating current
of low frequency passes through the powder compact. Pressure is applied when the
compact is formed by loose powders; pressureless resistance sintering is also
possible when electric current is applied to the compact pre-pressed or pre-sintered
before the resistance sintering. The sintering time is usually short (a fraction of a
second). The resistance sintered material is also cooled rapidly as the current is
switched off. The principal requirement to the powder compact for its successful
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resistance sintering is a rather low resistance. The total resistance of the powder
compact is determined by the resistivity of the material itself and contact resistances
between the particles. The latter depends on the particle size distribution, the level of
applied pressure, and the presence of oxide films on the surface of the particles. The
electrical conductivity of the powder compact from carbonyl nickel powders
increases with the applied pressure as pn, where p is applied pressure and n ¼ 0.85
[3]. In composite mixtures made of a conducting and an insulating component, the
conducting component should form a continuous network within the compact. The
sample with 0.1 Ω resistance will not be able to carry enough current for sintering to
occur [1]. For materials with a high initial resistance, a two-pulse sintering process
can be suggested for a better control of the changes in the sample’s resistance during
sintering and the microstructure development. Using a two-pulse technique, it is
possible to benefit from different parameters of the pulses (time, voltage) chosen for
different purposes. The first pulse is intended to break down the resistance, and the
second pulse is real sintering. This technique allows avoiding overheating of the
compact. Greenspan [4] described so-called impulse resistance sintering – the
process designed to fully utilize the heat generated at the inter-particle contacts to
bond the particles together. This is done by applying a very low pressure in the
beginning of the process (6 MPa) and increasing it when the compact reached a
plateau on the shrinkage curve. This method was quite successful in making tungsten
compacts of 22% porosity, and despite that, possessing a high flexural strength,
which indicated good bonding between the particles. It can be assumed, however,
that the early formation of the well-established inter-particle contacts hindered
densification of the compacts upon further sintering – this aspect was theoretically

Fig. 2.1 Schematic of the die–plunger setup used for resistance sintering (Adapted from Lenel [1],
Copyright (1955) with permission of Springer)
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elaborated by Olevsky et al. in Ref. [5] – and was the reason for the difficulties of
producing fully dense compacts by this technique.

The calculated temperatures resulting from the models can be verified experi-
mentally by placing small pieces of metallic wire with different melting points in the
compact [1]. The center of the compact has the maximum temperature (see example
in Fig. 2.2 for an iron compact). Lower temperatures of the peripheral regions of the
compacts can cause insufficient sintering. In order to achieve a better sintering
uniformity, one of the wafers is made concave. A higher current passing through
the edges where its path is shorter makes the overall temperature distribution more
uniform.

For successful resistance sintering, the ratio of the length to diameter of the
compact should not exceed 1. Larger ratios result in poor sintering of the central
parts of the compacts. The grain size of the materials resistance sintered under
pressure is usually smaller compared with conventionally sintered ones. Although
the contact between the particles is established more rapidly during resistance
sintering under pressure creating conditions for the grain growth to occur, the
short sintering time prevents extensive grain growth. Due to the shortness of the
sintering time, the degree of chemical homogenization is also limited in
multicomponent mixtures during resistance sintering. The alloy formation can be
arrested at a certain stage producing a metastable material from the phase composi-
tion and microstructure points of view. Lenel [1] states the shortness of the process
of achieving high relative densities and the possibility of producing non-equilibrium
microstructures as the main features and advantages of resistance sintering.

As electric current starts passing through the compact upon the application of
voltage, the boundaries separating the material with increased electrical conductivity
move from the contact surfaces of the compact and the punch (electrode) into the
interior of the sample. The current increases dramatically when the two boundaries
meet in the central part of the sample. The advantages of two-pulse sintering for
compacts of high initial resistance are demonstrated in Fig. 2.3. When current is
applied to a low initial resistance compact, it becomes constant after a few cycles

Fig. 2.2 Temperature
distribution in an iron
compact sintered by
resistance sintering
(Adapted from Lenel [1],
Copyright (1955) with
permission of Springer)
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because the current regulator can compensate the changes in the resistance. When a
high-resistance compact is sintered by a single pulse, the resistance changes so
dramatically that the current regulator is unable to follow these changes.

2.2 Resistance Sintering Equipment

Akechi and Hara [6] analyzed the evolution of contributions from the resistance of
the powder and that of inter-particle contacts to the total resistance of a titanium
compact sintered by resistance sintering using an alternating current of 50 Hz
frequency. The analysis was performed based on the measured profiles of electric
current and voltage (Fig. 2.4).

As is shown in Fig. 2.5, the following heat-generating elements can be desig-
nated: the inter-particle contacts in the powder compact, the powder particles
themselves, the contact between the punches and the powder compact punches,
the punches, the contact between the punch and the plunger, and internal elements of
the setup. At the final stage of sintering, when bonding between the powder particles
has been already established, the resistance of inter-particle contacts does not

Fig. 2.3 Current traces for the case of a low initial resistance of the compact (a) and high initial
resistance of the compact, the cases of one- and two-pulse sintering (b) (Adapted from Lenel [1],
Copyright (1955) with permission of Springer)
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contribute any longer to the total resistance of the setup. The resistance of the powder
compact can be calculated using the resistivity of the bulk metal and dimensions of
the compact. The temperature, to which the sample was heated at a certain moment
of the sintering process, can be estimated from the measured net power and thus can
be taken into account when calculating the resistance of the powder compact and the
punches. The sum including the contact resistance between the punches and the

Fig. 2.4 Evolution of current, voltage, apparent electric resistance, and energy input with
the sintering time for a resistance sintered titanium powder compact under pressure. Power input
is given in calories and kV�A�cycle units (Reprinted from Akechi and Hara [6], Copyright (1977)
with permission from Japan Society of Powder and Powder Metallurgy)

Fig. 2.5 Heat-generating elements of a resistance sintering setup: 1, inter-particle contacts; 2, pow-
der particles; 3, resistance of the contact between the punches and the powder compact; 4, resistance
of the punches; 5, resistance of the contact between the punch and the plunger; 6, internal resistance
of the setup (Reprinted from Akechi and Hara [6], Copyright (1977) with permission from Japan
Society of Powder and Powder Metallurgy)
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powder compact, the contact resistance between the punch, and the plunger and the
resistance of internal elements of the setup can be calculated by subtracting the
resistance of the powder compact from the total resistance at the final sintering stage.
At the initial sintering stage, the compact is mainly heated due to heat evolution at
the inter-particle contacts. At the intermediate stage, the heat is generated both
within the particles and the contacts between them. In accordance with these
considerations, Fig. 2.6 shows the evolution of the fractions of resistances of
different heat-generating elements in the total resistance of the sintering setup.

2.3 Properties of Specimens Processed by Resistance
Sintering

In experiments performed by Montes et al. [7], the resistance of a titanium powder
compact decreased rapidly during 0.2 s from the beginning of the sintering process;
this was accompanied by a certain decrease in the porosity of the compact. Upon
further sintering, the resistance did not change, while the porosity continued to
decrease (Fig. 2.7). Such behavior was explained by a fast resistivity reduction of
oxide films of semiconductor nature with increasing temperature at the initial stage
of sintering. Temperatures needed for significant material softening were not reached
until the intermediate stage of sintering, during which the densification of the
compact continued.

Akechi and Hara [6] emphasized the role of the positive coefficient of resistance
in homogenizing the microstructure of the powder compact and stabilizing the

Fig. 2.6 Contributions of resistances of different heat-generating elements of the resistance
sintering setup to the total resistance (notations are as in Fig. 2.5) (Reprinted from Akechi and
Hara [6], Copyright (1977) with permission from Japan Society of Powder and Powder Metallurgy)
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process of resistance sintering. The regions of the powder compact of low resistance
initially carry the most of the current; however, due to Joule heating, the resistivity of
the material increases such that redistribution of current occurs. This redistribution
causes better sintering of the previously poorly sintered regions of high initial
resistance. Rykalin [8] suggests the “self-regulation” term for this phenomenon.

Being a fast sintering technique, resistance sintering does not require a protective
atmosphere. However, when reactive metals, such as titanium, are resistance
sintered, an increase in the oxygen and nitrogen content in the compact relative to
that in the powder can be observed. Montes et al. [7] found that consolidation of a
titanium powder with a mean particle size of 24 μm by resistance sintering (total
duration of sintering was 1.4 s) results in an order of magnitude increase in the
oxygen content, while the content of nitrogen doubles.

Since during the resistance sintering both the electric current and the sample’s
resistance change with time, in order to assess the contribution of the Joule heat in
comparative studies of the microstructure and properties of the compacts sintered
from the same powder under variable conditions of resistance sintering (current,
number of cycles of current), the calculation of the thermal energy generated per unit
mass of the powder (specific thermal energy) due to Joule effect is helpful:

η ¼ 1
M

Z t

0

I2 τð ÞR τð Þdτ, ð2:1Þ

where I(τ) is the current, R(τ) is the electrical resistance, and M is the powder mass.

Fig. 2.7 Evolution of porosity and electrical resistance of the compact produced by resistance
sintering of a titanium powder (passage of current started at the time equal to 30 cycles) (Reprinted
from Montes et al. [7]. Copyright (2011) with permission of Springer)
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A higher value of η results in a more uniform distribution of the porosity in the
resistance sintered compacts (Fig. 2.8). The highest temperature is reached in the
center of the sample making it denser than the peripheral regions adjacent to the
electrodes cooled during the process and walls of the die. These effects are more
pronounced at lower η.

Montes et al. distinguish three types of pores in resistance sintered compacts. The
first type is the porosity in poorly sintered regions; these pores are comparable in size
with the initial powder particles (Fig. 2.9a). The second type of pores is the residual

Fig. 2.8 Macrographs of diametrical sections of halves of compacts: (a) conventionally sintered
(porosity 2%), (b) resistance sintered compact (4.0 kA, 50 cycles, porosity 15.8%), (c) resistance
sintered (6.0 kA, 80 cycles, porosity 3.3%). A higher value of η for sample (c) resulted in a more
uniform distribution of the porosity (Reprinted from Montes et al. [7]. Copyright (2011) with
permission of Springer)
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pores in well-sintered regions (Fig. 2.9b). Pores of the third type are large pores that
have the greater axis perpendicular to the pressing direction and can be considered as
shear cracks introduced during pressing (Fig. 2.9c). These pores can be found only in
samples sintered at high currents, as they form in a well-sintered material that does
not allow any particle rearrangement in response to shear forces.

Thanks to short processing times and high cooling rates in resistance sintering,
the resistance sintered compacts may show microstructures different from those of
the conventionally sintered ones. In resistance sintered compacts heated above the
temperature of the α ! β transition of titanium, lamellar grains of the α-phase form
during fast cooling of the β-phase [7]. In conventionally sintered titanium during
slow furnace cooling, large equiaxed grains of the secondary α-phase form.

According to Belyavin et al. [9], resistance sintering by DC current in the case of
long process durations (longer than 1 h) can lead to the differences in the micro-
structure and grain size of the cathode and anode ends of the specimen and
nonuniform distribution of porosity.

Lagos et al. [10] and Schubert et al. [11] presented a modified method of
resistance sintering based on the action of a current of high density. In their
processing, WC–Co powder was filled in a ceramic die between two copper elec-
trodes. Sintering was performed in air with a holding time of only 500 ms

Fig. 2.9 Three types of pores in resistance sintered compacts: (a) pores in poorly sintered regions,
(b) residual pores in well-sintered regions, (c) pores formed during pressing (shear cracks)
(Reprinted from Montes et al. [7]. Copyright (2011) with permission of Springer)
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[10]. The current was produced by a low-voltage transformer (around 10 V). The
sintered samples consisted of a dense core surrounded by a porous surface layer. The
authors pointed out that, in contrast to spark plasma sintering, in which the
processing time is in the range of minutes and a controlled atmosphere is needed,
a fast single-pulse technique allows conducting sintering in air without oxidizing the
material. This is a very important advantage, as it reduced the cost of the sintering
equipment. Schubert et al. [11] compared the microstructure and properties of WC–
Co materials consolidated by the fast resistance sintering and hot isostatic pressing
and found that the former possessed finer microstructures and higher hardness.

2.4 Summary

In resistance sintering, the heat is generated within the powder and is not conducted
from the die. Therefore, only conductive materials can be sintered by resistance
sintering. During resistance sintering, temperature distribution within the sample is
spatially nonuniform, as shown by experiments and modeling. During resistance
sintering, the center of the compact has the maximum temperature, while peripheral
regions of the compacts are prone to insufficient sintering. At the same time, the
short sintering time in resistance sintering prevents extensive grain growth. In
powder mixtures, it allows compositional homogenization to proceed only to a
limited extent. A high potential of a recently suggested modification of resistance
sintering – sintering by a current pulse of high density – should be noted. This
variation of resistance sintering allows working in air and still avoiding oxidation of
the material due to a very short duration of the pulse.
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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
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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
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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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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:

ffiffiffiffi
L

C

r
� R <

ffiffiffiffiffiffi
2L
C

r
ð3:13Þ

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
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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
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2
3
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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
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2
3

1� θ

θ

� �
� 1� θð Þ ¼ m

1
2
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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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Chapter 4
Sintering by Low-Voltage Electric Pulses
(Including Spark Plasma Sintering (SPS))

4.1 Principle and Physical Mechanisms of Low-Voltage
Electric Pulse Sintering

Consolidation methods of powder materials that use low-voltage electric pulses are
referred to in the literature as spark plasma sintering (SPS) and electric discharge
sintering (EDS) (should not be mixed up with “high-voltage electric discharge
sintering” or “capacitor discharge sintering”). These methods are based on the
principle introduced by Inoue [1, 2] in the 1960s. Different types of equipment
and a wide range of experimental parameters have been used since; many sintering
studies were conducted under an applied pressure. Raichenko and his team at
Frantsevich Institute for Problems of Materials Science, National Academy of
Sciences of Ukraine, started developing the method of EDS in the beginning of
the 1970s. The majority of studies performed until 2007 in this institute and other
research organizations were conducted using a facility developed and manufactured
by a research team led by Raichenko in 1976 [3, 4] (Fig. 4.1 (top)). EDS was also the
subject of research at Tomsk State Polytechnic University, Russian Federation
[5, 6]. Figure 4.1 (bottom) shows a schematic and tooling of a modern SPS facility.

EDS was also conducted using ERAN 2/1 facility of Frantsevich Institute for
Problems of Materials Science, National Academy of Sciences of Ukraine [7–12],
shown in Fig. 4.2. This facility allows heating samples 8 mm in diameter up to
1700 �C in 90–120 s. Samples were sintered under the following conditions: an
alternating current of 0.3 kA, a direct current of 1.1 kA, and a pressure of 80 MPa.
Electric current was applied to the powder compact using graphite tooling. When
graphite tooling is heated up to 1100 �С, it can react with oxygen to form СО, which
serves as a protective atmosphere for the consolidated samples.

According to Raichenko [4], the low-voltage current-assisted sintering (EDS), in
its optimized regime implementation, should be characterized by two different stages
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of the consolidation process. The first stage is called a “sparking” stage because
conditions favoring sparking should be created to form contacts between previously
loose powder particles. The powder compact experiences a relatively low pressure
during the first stage (�10 MPa) and a superposition of AC and DC currents. Due to
the sparking effect, heating of the inter-particle contacts is more significant than in

Fig. 4.1 Top: Schematic of an electric discharge sintering (EDS) setup: 1, current source; 2, press;
3, insulating plates; 4, current-carrying plates; 5, punches (electrodes); 6, die; and 7, powder
compact. (Reprinted from Raichenko et al. [3], Copyright (1977) with permission of Springer).
Bottom: SPS schematic (a), chamber and tooling (b) (Dr. Sinter SPSS-515, Fuji Electronic
Industrial Co., Ltd., Japan)

90 4 Sintering by Low-Voltage Electric Pulses (Including Spark Plasma. . .



the case of conventional Joule heating in the absence of sparks. The second stage is
the “consolidation” stage and should include the simultaneous impact of more
powerful current pulses (in some cases together with a DC current) and high
mechanical pressure applied to the sample. For successful processing, the right
choice of the applied pressure and of the pulse current parameters (amplitude,
duration, and the interval between pulses) is of paramount importance. Crivelli
et al. [13] showed that an optimal regime for spark sintering of an Al alloy powder
consisted of two stages, during the first (“sparking”) stage that lasted 1 min, the
current density was 11.25 A cm�2, and during the second (“densification”) stage, the
current density was 382 A cm�2.

Raichenko emphasizes the importance of the load application schedule for EDS
and uses a term “sintering with programmed loading” [4]. At the first stage, low
pressures result in poor contacts between the particles, which favor conditions for
actual discharges in the corresponding gaps. The inter-particle contacts experiencing
the discharge action are heated to a greater extent than they would have been in the
case of conventional resistance heating. The inter-particle contacts thus formed are
more established than in the absence of discharges. If the inter-particle contacts
become too strong, they will hinder further densification by making it difficult for the
particles to rearrange and slide relative to each other [14]. However, if the second
stage of EDS immediately follows, the material of the necks may be still hot enough
to enable a high degree of deformation.

It should be noted that although the term “electric discharge sintering” has been
widely used since its introduction into the community and accepted by different
scientific schools, one should bear in mind that the conditions for the discharge
formation are created only when certain, optimized sintering schedules are applied.
In many experiments reported in the literature, the sintering had been conducted
through a single-stage process and at a constant pressure. The term itself, neverthe-
less, is used, very often without a comment on its direct meaning. So, the term

Fig. 4.2 ERAN 2/1 installation for electric discharge sintering (EDS): 1, current-carrying plates of
the hydraulic press; 2, graphite punches; 3, powder mixture; 4, graphite die; 5, press. (Reprinted
from Petukhov et al. [8], Copyright (2007) with permission of Springer)
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emphasizes that discharges between the particles are possible, but they do not
necessarily accompany all sintering processes. Sukhov et al. [15] demonstrated a
more intense shrinkage of a Cu–Sn alloy powder at a pressure of 4.17 MPa than at a
pressure of 12.50 MPa applied during the first stage of EDS and explained the
observed effect by the formation of discharges between the particles at a low
pressure. Indeed, the microstructure of the material sintered at 4.17 MPa shows
evidence of melting of a significant portion of the material, which caused faster
densification of the powder (Fig. 4.3). Raichenko [4] discusses the applicability of
the EDS facilities for conducting processes that are more close to hot pressing. This
can be done by using relative high pressures at the first sintering stage (or through the
while sintering cycle), thus avoiding the formation of discharges.

A nonmonotonic dependence of the porosity of the sintered compact on the
pressure applied during the sparking (first) stage of EDS has been experimentally
found by Raichenko et al. [16] for Al and Ni powders. Figure 4.4 shows the
dependence of the porosity of the Ni compacts produced from Ni powders differing
by the oxygen content on the pressure applied during the sparking stage. At low
pressures below the critical value, the application of current causes the formation of a
single channel, along which the material melts. It is clear that this is not a pathway to
efficient densification. As the pressure increases, the number of contacts between the
particles that are suitable for the sparking events to occur increases leading to a
uniform distribution of the sparking points in the sample volume. An increase in the
porosity with increasing pressure above the critical value corresponding to the
minimal porosity can be explained by the formation of inter-particle contacts that
do not favor sparking as they are too well established with oxide films present on the
particle surface possibly disrupted under the applied pressure. As it is more difficult
to establish contacts suitable for sparking between particles with a thicker oxide, a
higher critical pressure was found for the Ni powder with a higher oxygen.

Fig. 4.3 Microstructure of Cu–Sn specimens produced at pre-pressing pressures (pressures applied
during the first stage of EDS) of 4.17 MPa (a) and 12.50 MPa (b), magnification �400. (Reprinted
from Sukhov et al. [15], Copyright (1987) with permission of Springer)
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The situation for Al powders was more complicated, as can be seen in Fig. 4.5.
Finer Al powders could be densified more efficiently by EDS due to a greater
number of inter-particle contacts and the availability of a higher number of points
of potential sparking.

As was proved by Raichenko et al. [16], EDS is more efficient when DC and AC
currents are superimposed. Unlike compacts sintered by a DC current only, which
possess a dense core but a porous peripheral part of nonuniform microstructure,
compacts sintered by superimposed AC and DC currents have a uniform micro-
structure throughout the cross-section. The role of the AC current in sintering
intensification of the peripheral part due to the skin effect was confirmed by
calculating the current frequency (assuming the penetration depth is equal to the
radius of the compacts) and experimentally finding that at a frequency close to the
calculated, the compact had the lowest porosity and the highest strength. In the
absence of the AC components, the peripheral parts of the compact are densified to a
lower extent compared with the core due to heat losses.

Mechanical pressure applied during the second stage of EDS inhibits contact heat
sources and facilitates volumetric heating. Raichenko et al. [17] have shown that a
pressure applied in a pulsed mode during the concluding stage of sintering intensifies
densification. A periodically repeating load of a constant sign was applied during the
second stage of EDS of copper. The duration of the pressure pulses was 1.5–4.6 s.
The compacts obtained with a pulsating pressure were denser, the effect becoming
more significant as the duration of the second sintering stage increased.

Fig. 4.4 Porosity of Ni compacts produced from powders differing by oxygen content on the
pressure applied during the sparking (first) stage (1–0.06% of oxygen; 2–0.12% of oxygen).
(Reprinted from Raichenko et al. [16], Copyright (1977) with permission of Springer)
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4.2 Low-Voltage Electric Pulse Sintering Equipment

Low-voltage pulsed electric current is the major feature of SPS, which is currently
regarded as the most advanced and promising powder consolidation method. Indeed,
in the past two decades, this sintering technique has been thoroughly elaborated. The
details of the process have been described by Tokita [18, 19], Omori [20], Groza and
Zavaliangos [21, 22], Munir et al. [23, 24], and Garay [25]. Reactive processes in the
SPS have been addressed by Orrù et al. [26] and Dudina and Mukherjee
[27, 28]. SPS consists essentially of conjoint application of high temperature, axial
pressure, low voltage, and high current. Terminologically, the term “pressing” better
fits the process character, since for sintering the free surface area reduction should be
the dominant driving factor. The field component is associated with electric current
passing through a powder specimen. The electric field generates Joule heat, which
provides the conditions of hot compaction; the current also enhances densification
and can improve the final grain structure in quite a remarkable way. This approach
significantly shortens the processing and enhances the performance time and quality
wise. In particular, it carries the potential of maintaining nano- and submicrometer
structures in the materials after consolidation. A technique using AC instead of
pulsed DC has many similarities with SPS and is called field-activated pressure-

Fig. 4.5 Porosity of Al compacts produced from 250–315 μm powders (1) and 63–160 μm
powders (2). (Reprinted from Raichenko et al. [16], Copyright (1977) with permission of Springer)
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assisted synthesis (FAPAS) [29, 30]. Figures 4.6 and 4.7 show the schematics of the
SPS and FAPAS facilities and the corresponding current profiles. The pulse
sequence in the SPS facilities can be varied, but normally 12:2 sequence is used
(12 pulses ON and 2 pulses OFF, which means that after 12 pulses, the DC current is
switched off for the duration equal to the length of 2 pulses). The duration is each
pulse is normally 3 ms. The term “FAPAS” is, however, sometimes used to refer to
sintering by a DC current [31]. Groza and Zavaliangos [21, 22] use the term “field-
assisted sintering technique (FAST)” to refer to sintering processes by means of
pulsed DC or combined processes with the first stage using pulsed DC (sintering
activation) and the second one using resistance heating by DC.

The SPS equipment was introduced into the market by Sumitomo Coal Mining
Co., Ltd. (Japan) in 1989. At present, the SPS equipment is developed and
manufactured by Sinter Land Inc. (Japan), Fuji Electronic Industrial Co., Ltd.
(Japan), FCT Systeme GmbH (Germany), and Thermal Technology LLC. (USA).
The two basic types of DC pulse generators used in the SPS apparatus are the
thyristor-type and the inverter-type pulse generators. An inverter-type power gener-
ator with pulse width modulation has a lower power consumption and space-saving
advantages reducing the production costs of materials [19]. Sintering is usually
conducted under vacuum; however, the system allows operating in an atmosphere

Fig. 4.6 Schematics of spark plasma sintering (SPS) (a) and field-activated pressure-assisted
synthesis (FAPAS) (b) facilities
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of (inert) gas – argon or nitrogen can be used. Usually, a residual pressure of 5–6 Pa
in the chamber is achieved after 15 min of pumping (from the atmospheric pressure).
Industrial manufacturing with the use of SPS is possible thanks to the development
of multi-head, large-size batch-type, tunnel-type, rotary-type, and shuttle-type SPS
systems [19]. In addition, automatic handling and powder stacking equipment has
been developed.

4.3 Macroscopic Temperature Gradients in SPS

Anselmi-Tamburini et al. [32] performed numerical modeling of the current and
temperature distribution in a die/punches/graphite spacer assembly using a finite
volume approach. The analyses were carried out to investigate the current and
temperature distributions under typical SPS conditions utilizing two materials dra-
matically differing in electrical conductivity (alumina and copper). The current
distribution was evaluated in the radial and axial directions (Figs. 4.8 and 4.9).
Radial current density gradients result in significant differences in the temperature
between the surface of the graphite die and its center. Both the simulation and

Fig. 4.7 Current profiles in SPS (a) and in FAPAS (b) facilities
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Fig. 4.8 Radial distribution of the current density: (a) alumina, (b) copper. Applied voltage is 5 V.
The sample thickness is 3 mm; the sample diameter is 19 mm. (Reprinted from Anselmi-Tamburini
et al. [32], Copyright (2004) with permission from Elsevier)
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the experimental results show a considerable difference between the temperatures of
the sample and the external surface of the die, which is due to current distribution
and radiation heat losses. Figure 4.10 shows the calculated radial temperature
distribution for alumina and copper compacts sintered using a constant applied
current of 1000 A. The temperature difference, however, disappears when the
current is turned off, which implies that the central role in maintaining the gradient
is played by the electric current, and, thus, higher currents will induce that larger
temperature gradients.

Vanmeensel et al. [33] developed a finite element model to gain a better under-
standing of the temperature distributions in the die–punch–sample assemblies of the
SPS facilities. The model utilized experimentally measured material properties and
thermal/electrical parameters during real sintering cycles. It was shown both theo-
retically and experimentally that the temperature distribution inside the tooling and
the sample in the die is not homogeneous during the sintering cycle. The electrical
properties of the sample were shown to be crucial for the character of the temperature
distributions inside the tooling and the sample. Much higher thermal gradients were
observed in an electrically conductive samples compared with samples of insulating
materials under the same sintering conditions (Fig. 4.11). In the case of zirconia
(ZrO2), the current flows only through the punches and the die; consequently, the
heat losses due to the radiation from the tooling surfaces are compensated. The case
of titanium nitride (TiN), which is a good electric conductor, presents an opposite
situation: the current mainly flows through the sample. As a result, the radiation heat

Fig. 4.9 Distribution of the current density along the vertical axis of the assembly: (a) alumina, (b)
copper. The highest current density in both cases corresponds to the exposed portion of the
plungers. The sample thickness is 3 mm; the sample diameter is 19 mm. (Reprinted from
Anselmi-Tamburini et al. [32], Copyright (2004) with permission from Elsevier))
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losses are not compensated, and the temperature distribution in the sample becomes
very inhomogeneous. The authors emphasize the importance of surrounding the die
with a thermal insulation material to bring the heat losses to a minimum and reduce
the radial temperature gradients.

Fig. 4.10 Calculated radial temperature distribution for nonconducting (alumina) and conducting
(copper) sintered samples (the sample thickness was 3 mm; the applied current was kept constant at
1000 A). The sample diameter is 19 mm. (Reprinted from Anselmi-Tamburini et al. [32], Copyright
(2004) with permission from Elsevier)

Fig. 4.11 Temperature distribution inside the ZrO2 (a) and TiN (b) fully dense specimens during
the dwell at 1500 �C (the steady-state temperature distribution reached 15 s after the full load was
applied). (Reprinted from Vanmeensel et al. [33], Copyright (2005) with permission from Elsevier)
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4.4 Temperature Measurements and Heat Dissipation
in SPS/FAST Facilities

Langer et al. [34] emphasize the importance of the location of the measurement point
in drawing conclusions on a lowered temperature of field-assisted sintering for
non-conductive materials. They compared the results of the sintering procedure in
terms of the real temperature of the sample conducted in the SPS and FAST
equipment keeping the pressure, the heating rate, and the pulse on/off ratio constant.
Although the FAST and SPS apparatus are based on the same principle, direct
comparison between them is accompanied by certain difficulties due to the differ-
ence in the temperature measurement approaches. Figure 4.12 shows a schematic
indicating the location of the temperature measurement points and methods in the
SPS (Japan) and FAST (Germany) pulsed current sintering facilities. Alumina and
zinc oxide showed higher densities when processed by SPS than when processed
with FAST under the same apparent processing parameters. Densification curves for
alumina are shown in Fig. 4.13 for the SPS and FAST processing alternatives. It was
also found that the spark plasma sintered samples had larger grains. The observed
differences are due to the differences in the temperature measurements in the two
sintering systems. In the SPS process, the same relative density is reached at a lower
apparent temperature than in the FAST. Langer et al. [34] performed calibration by
the copper-melting experiments and showed that the radial temperature measure-
ment in the SPS leads to an underestimation of the real temperature of the specimen
of at least 100 �C. Therefore, it can be concluded that the measurement position
plays a significant role. The measured temperature at the bottom of the upper punch
in a FAST facility is closer to the real sample temperature in comparison with the
temperature radially measured on/in the die wall during the SPS. These findings
imply that the lower sintering temperatures reported for the SPS technique can be
partially due to the underestimation of the actual temperature within the sample.

Fig. 4.12 Schematic
showing the positions of the
temperature measurements:
(a) pyrometer in FAST, (b)
pyrometer in the SPS, (c)
thermocouple in the SPS.
(Reprinted from Langer
et al. [34], Copyright (2010)
with permission of John
Wiley & Sons)
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In a series of publications, Langer et al. have directly compared the results of hot
pressing and FAST using Al2O3 [35], 8YSZ [36], and ZnO [37] powders. The main
conclusion from these studies was the significance of the temperature control below
450 �C, which is often done by means of a pyrometer. In the absence of the
regulation loop, the power input is limited to 35% of the nominal power before the
system reached 450 �C, as is recommended by the manufactures of the FAST
equipment.

This leads to transient overheating of the sample in the beginning of the sintering
cycle (Fig. 4.14). As a result, FAST-processed materials have bigger grains. How-
ever, when the temperature is controlled carefully by means of a thermocouple
measuring the temperature at a distance of 5 mm from the sample and the transient
overshoot is thus avoided, the grain sizes of the FAST and hot-pressed specimens are
close to each other. Rapid densification of ZnO in FAST with a pyrometer control
(Fig. 4.14b) is due to transient overheating; such a densification curve is not suitable
for any analysis of the densification mechanisms.

Lee et al. [38] conducted SPS experiments with ZrN powder, during which the
temperature was measured by a thermocouple inserted in a hole in the die, a
pyrometer focused on a hole in the die and a thermocouple inserted directly in the
sample (sacrificial thermocouple), as is shown in Fig. 4.15a. The pyrometer mea-
sured the temperature until the final temperature was reached, and the sacrificial

Fig. 4.13 Densification curves for Al2O3 as a function of time: (a) FAST (pyrometer), (b) SPS
(thermocouple), (c) SPS (pyrometer), heating rate 10 K/min, applied pressure 50 MPa, and dwell
time 15 min. (Reprinted from Langer et al. [34], Copyright (2010) with permission of John Wiley &
Sons)
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k-type thermocouple embedded in ZrN powder was melted and finally broken at
1250 �C. Temperatures >1250 �C were estimated based on the calibration experi-
ments (T > 600 �C). Compared with the die temperature readings from the pyrom-
eter, the die and powder measured by thermocouple showed higher temperatures
during the SPS cycle (Fig. 4.15b, c). For example, at 1200 �C, ΔT between the ZrN
sample and the die is 141 �C (Fig. 4.15c). This temperature difference is due to heat
dissipation from the die surface. Indeed, the location of the sample in the SPS die set
is more favorable to heat accumulation compared with the die surface.

Fig. 4.14 Temperature overshooting in a FAST facility (a) and densification curves of ZnO
nanopowder (20–50 nm initial particle size) hot-pressed and processed by FAST with a pyrometer
and thermocouple temperature control, 50 MPa, 550 �C (b) Rapid densification of ZnO in FAST
with a pyrometer control is due to transient overheating. (Reprinted from Langer et al. [37],
Copyright (2011) with permission of John Wiley & Sons)

Fig. 4.15 (a) Schematics of a SPS setup with temperature measurement points, (b) temperature
evolution of different measurement spots, (c) differences (ΔT) between ZrN temperature measured
by thermocouple and die temperature measured by pyrometer and between die temperature mea-
sured by pyrometer and die temperature measured by thermocouple (blue dash line). (Reprinted
from Lee et al. [38], Copyright (2017) with permission from Elsevier)
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Contact resistances of SPS die/punch/sample assemblies were studied in Refs.
[39, 40]. It was shown that the vertical contact resistance has an important impact on
the magnitude of the fraction of the electric current passing through the conductive
powder [38]. Without the consideration of the vertical electrical and thermal contact
resistances, the simulated temperatures for the die and sample during the holding
stage are 138 and 172 �C lower than the experimentally measured temperatures
(Fig. 4.16a), which means that the electrical and thermal contact resistances cause
heat dissipation. The major fraction of the electric current is flowing through the die
(Fig. 4.16b). However, the results of the modeling considering the vertical electric
and thermal contact resistances are close to the experimentally measured

Fig. 4.16 Experimentally measured and finite element modeling-simulated temperatures of ZrN
powder and graphite die during a SPS thermal cycle (a) without contact resistance and (c) with
electrical and thermal contact resistance. Simulation map of the temperature and electric current
flow at the end of the holding time (b) without contact resistance and (d) with electrical and thermal
contact resistance. SPS at 1100 �C under 60 MPa and 10 �C�min was used. (Reprinted from Lee
et al. [38], Copyright (2017) with permission from Elsevier)
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temperatures (Fig. 4.16c). The electric current from the top punch was split, and the
high portion of electric current passed through the powder during the holding stage
(Fig. 4.16d). A nonhomogeneous temperature distribution between the die and the
central column of the tooling set (punches and powder) was observed due to the
presence of the contact resistance.

Possibilities of rapid heating in the SPS facilities are well appreciated and widely
discussed in the sintering community; however, the cooling rates of the samples are
rarely reported, intentionally varied, or adjusted. Usually, the specimen is cooled
after the sintering procedure is over using a water cooling system; alternatively,
argon flooding can be used. Zhang et al. [41] suggested a way to overcome this
limitation by integrating a gas-quenching system into a SPS facility of standard
design, which would allow for rapid cooling of sintered specimens right after the
sintering step. Operations, such as sinter hardening, are, therefore, made possible in
the SPS facility, saving the energy and costs associated with re-heating of the sample
necessary for conventional sinter hardening, which is performed separately from the
sintering step itself. It was suggested to use high-velocity nitrogen flow to provide
rapid cooling of the sintered specimens. Natural cooling occurred at 1.6 �Cs�1; with
the quenching system, a cooling rate of 6.9 �Cs�1 was reached. SPS with an
integrated quenching system was successfully applied to Ti6Al4V alloys, in which
gas quenching resulted in microstructural changes (precipitation of nanocrystalline
Al2Ti and lamellar morphology of α-phase opposed to globular morphology of α + β
phases observed in the naturally cooled samples), an increase in hardness, an
increase in ultimate compressive strength, and an increase in ductility.

4.5 Proportional–Integral–Derivative (PID) Control
of Temperature During SPS and Regulation Quality
Improvement

The origin of difficulties in the proportional–integral–derivative (PID) control of the
temperature during the SPS was analyzed by Manière et al. [42] using finite element
modeling. It was confirmed that PID regulation is strongly influenced by the heating
response and the lag between the area of the main heat generation and the area of
heating control. This lag is a function of tooling dimensions and the thermal contact
resistance (TCR), which decreases the heat flux between the heat generation and
control areas. The authors used a coupled electrothermal finite element model of the
regular SPS setup (Fig. 4.17). The model includes the Joule heating equations and a
set of temperature-dependent electric and thermal contacts. The verification exper-
iment was performed; in both the experiment and the simulation, the sample was a
fully dense silver pellet.

The configuration shown in Fig. 4.17 uses a high-pressure enabling thick die
(inner diameter 10 mm, external diameter 30 mm) and a conductive sample. In these
conditions, the heat generation is mainly located in the punches, and the die heating
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occurs with a time lag (Fig. 4.18a). In this case, the PID regulation shows a lot of
oscillations of the electric current and temperature (Fig. 4.19a). When the electric
current increases, for instance, at 180 s (Fig. 4.18a), the maximum temperature is in
the middle of the punches, and the die heating takes place with a time lag. During the
electric current decreasing stage (220 s), the heat is mainly evacuated by thermal
conduction in the punches in contact with the colder spacer. Under these conditions,
the die cooling has a time lag. This lag of the die heating and cooling is explained by
the presence of a high TCR at the vertical punch/die contact. During the heating
stage, the TCR decreases the heat exchanges from the punches to the die. During the
cooling stage, the heat flux that passes across this interface is reduced by the TCR,
inducing the time lag in the cooling at the die surface. This impact of the vertical
interface TCR on the temperature regulation was verified. If the TCR is multiplied by
two, the punch/die temperature difference increases from 100 K to 200 K
(Fig. 4.18a–b), and both the temperature and electric current oscillations’ magnitude
increase (Fig. 4.19a). If the die thickness is increased, the mass of the die material to
be heated by the punches is increased, and the punch/die temperature difference is
also about 200 K (Fig. 4.18c) causing high regulation oscillations (Fig. 4.19b). The
heat generation by punches was reduced by reducing their heights in order to

Fig. 4.17 Cross-section of a SPS assembly showing the location of each electric/thermal horizon-
tal/vertical contact resistance taken into account in the model, the main thermal boundary condi-
tions, and the two different temperature control locations. (Reprinted from Manière et al. [42]. This
work is licensed under a Creative Commons Attribution License, http://creativecommons.org/
licenses/by/4.0/)
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homogenize the temperature and stabilize the PID regulation. In this case, the punch/
die temperature difference is reduced down to 80 K, but the PID regulation still
included oscillations (Fig. 4.19b).

The finite element simulation allowed determining an area within the SPS setup
having the highest heating responsiveness [42]. In order to reveal such areas, finding
the heating rate field generated by the electric current impulse is a key issue. It was
found that the areas of maximum responsiveness are located not in the die but at the
mid-height of the punches. As a result, the punches are better candidates for the PID
regulation compared with the die, which is heated with a time lag.

4.6 “Plasma” Issue in SPS

In a study by Hulbert et al. [43], two experimental methods were employed in an
attempt to determine the presence or absence of plasma during SPS: in situ atomic
emission spectroscopy (AES) (Figs. 4.20, 4.21, and 4.22) and ultrafast in situ voltage
measurements (Fig. 4.23). With the use of these methods, no evidence of plasma was
found during the SPS processes. This result was confirmed using several different
powders across a wide spectrum of SPS conditions. The equipment consisted of a
high-temperature fiber-optic flame probe connected to a fiber-optic patch cable. The

Fig. 4.18 Temperature fields determined for the die-controlled regulation: (a) at 180 and 220 s, (b)
with vertical thermal contact resistance (TCR) multiplied by 2, (c) with a thicker die, (d) with
smaller punches. (Reprinted from Manière et al. [42]. This work is licensed under a Creative
Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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fiber-optic flame probe was placed in a borosilicate glass capillary to prevent damage
to the probe during sintering. The glass sleeve lined a through-hole located at the
middle plane of the die and was butted up against the powder compact (Fig. 4.20). In

Fig. 4.19 PID regulated temperature and electric current under different conditions: (a) die
temperature control regulation with vertical TCR multiplied by 2, (b) die temperature control
regulation for small punch and thick die configurations. (Reprinted from Manière et al. [42]. This
work is licensed under a Creative Commons Attribution License, http://creativecommons.org/
licenses/by/4.0/)

Fig. 4.20 The experimental
setup used for in situ atomic
emission spectroscopy
studies of the phenomena
involved in the SPS.
(Reprinted from Hulbert
et al. [43], Copyright (2008)
with permission of AIP
Publishing)
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Fig. 4.21 The
configuration of the Cu
plate/Cu half-cylinder
experiments. The sides of
the punches were coated
with boron nitride to force
the current through the plate/
cylinder assembly.
(Reprinted from Hulbert
et al. [43], Copyright (2008)
with permission of AIP
Publishing)

Fig. 4.22 (a) AES data for NaCl sintered by SPS, the plot is representative of all AES spectra
collected in different configurations of the experiment and (b) flame spectroscopy data of calibra-
tion experiments of the sensitivity and resolution of the equipment. (Reprinted from Hulbert et al.
[43], Copyright (2008) with permission of AIP Publishing)
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the case of metallic powdered specimens, the probe, along with the glass sleeve, was
actually pressed into the powder charge, with the tip of the probe located at the center
of the specimen. Another fiber-optic patch cable was connected to a spectrometer
with a high photonic sensitivity. In order to try and force a sparking event, a special
experiment was designed using a standard SPS die and punch. Two copper plates
were polished; a copper half-cylinder was sandwiched between the two copper plates
and the two punches (Fig. 4.21).

The ultrafast in situ voltage measurements between the upper and lower punches
were made using a digital storage oscilloscope (Fig. 4.23) that is capable of detecting
events down to approximately 1 ns. Such time resolution is desirable if one is trying
to detect highly transient voltage anomalies associated with plasma generation,
sparking, or arcing events. The wires were embedded in the powder charges of Al,
Cu, and Al2O3 powders and were approximately 1–3 mm apart.

The spectrum shown in Fig. 4.22a is for NaCl sintered at 650 �C for 3 min. This
spectrum is representative of all the SPS spectra taken during this investigation
including the control experiment with no powder charge. The results of the flame
spectroscopy experiment with characteristic photons clearly detected for NaCl and
KBr are shown in Fig. 4.22b. Those were used to sensitivity and resolution calibra-
tion of the equipment. In the SPS spectroscopy experiments with powders, no
characteristic photons were detected. They were not detected during the experiment
involving the copper plates and the partially ground copper cylinder either. Hulbert
et al. [43] admit that, although the AES results do not speak favorably of the
presence of plasma in the SPS, it is not possible to completely dismiss the possibility
of plasma based solely on the AES results. When the results of the in situ voltage
measurements were analyzed (Fig. 4.23), no voltage anomalies associated with
sparking, arcing, or plasma generation were found. With a temporal resolution of
approximately 1 ns, the technique would have detected any voltage transients
necessarily associated with any type of plasma generation, arcing, or sparking
events. Hulbert et al. concluded that the SPS voltage is approximately one order of
magnitude less than the voltage required to generate plasma during the process.

Fig. 4.23 A diagram of the
setup for the ultrafast in situ
voltage measurements.
(Reprinted from Hulbert
et al. [43], Copyright (2008)
with permission of AIP
Publishing)
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In a study conducted by Saunders et al. [44], AES was used to detect possible
transitions of the material to the plasma state during electric current-assisted
sintering; in their experiments, conductive materials – zirconium diboride (ZrB2)
and tungsten – were used. The authors arrived at the same conclusion: SPS under
typical conditions (<10 V applied across the sample) does not generate plasma states.
However, when a voltage of 50 V was applied across a 1-mm-thick specimen of a
loosely packed tungsten powder under pressureless conditions in a flowing argon
atmosphere (in a setup specially designed for the “plasma search” (Fig. 4.24)),
evidence of plasma was obtained in the form of spectral lines of oxygen, tungsten,
and argon.

It is reported that bright flashes were visible with the naked eye during the first
2–3 s of treatment. The spectral emission data were acquired during the first 600 ms
of discharge (Fig. 4.25). The starting time t was taken as the time, at which a profile
with zero emission was observed. The temperature of the particles was calculated by
interpreting the black body radiation curve captured by the spectrometer. After
100 ms and 300 ms, sharp spectral emission lines are detected, while at 200, 500,
and 600 ms, temperatures of up to 3800 K were detected. The presence of tungsten
lines indicated that some of the tungsten was sputtered from the surface of the
powder particles. Such observations were not reported for experiments in conven-
tional SPS facilities. The presence of oxygen lines showed that the formation of
plasma was accompanied by surface cleaning – removal of oxides from the particles’
surfaces. Microstructural evidence of local melting was observed in tungsten and
ZrB2 samples subjected to treatment at 50 V for 5 s.

Fig. 4.24 Experimental setup for investigating the formation of plasma states in electric current-
assisted sintering (quartz tube). (Reprinted from Saunders et al. [44], Copyright (2014) with
permission from Elsevier)
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Fig. 4.25 Spectra obtained in the case of sintering of a tungsten powder in the setup shown in
Fig. 4.24: black body radiation and spectral emission lines (a), identification of the spectral lines of
the ionized species (b). (Reprinted from Saunders et al. [44], Copyright (2014) with permission
from Elsevier)
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4.7 Processes at the Inter-particle Contacts in SPS

The influence of an increase in electrical resistivity with temperature on the process
of sintering has been addressed by Song et al. [45], who suggested that SPS of
metallic powders proceeds through a “self-adjusting” mechanism. The temperature
profiles were calculated by considering the geometrical features of the contact of two
spheres. The electrical resistivity was assumed uniform throughout the particle. Heat
conduction during current pulses was fully excluded from consideration; the heat
produced in a microunit (a cylinder of a small thickness taken in the vicinity of the
contact between the particles) as a result of Joule heating was used to increase the
temperature of this microunit. Redistribution of current between the two particles is
determined by the competition between two factors: the growing cross-sectional area
of the neck causing a reduction in the resistance of the neck region and the increasing
resistivity of the material with temperature due to Joule heating. The calculated
temperature distribution for a pair of spherical copper particles within a compact
sintered by SPS for a sequence of 12 pulses 3.3 ms long and a current of 1000 A is
shown in Fig. 4.26.

The fracture surface of the compacts formed from a spherical copper powder
reveals the neck zones with a structure evolving with the SPS temperature
(Fig. 4.27). The fracture of a single inter-particle neck shows fine grains, which,
according to the authors, formed due to local melting and rapid cooling of the inter-
particle contacts.

Aman et al. [46] reported unconventional neck morphology between copper
particles formed in pressureless SPS, which suggested an ejection mechanism of
mass transfer operating during sintering. Figure 4.28 compares neck morphologies
found in the spark plasma sintered (in a pressureless process) and conventionally
sintered compacts. In the latter, the necks were smooth, which pointed to surface
diffusion-enabled bonding. An explanation for the observed neck morphologies in
the compacts produced by SPS was suggested by the authors based on the possible
local field enhancement and ion-enhanced field emission. The unconventional necks
thus formed under conditions favoring local thermal breakdown and local sparks/
plasma. It was suggested that local plasma generated between the two copper
particles involved enough matter and energy to bond the particles by an ejection
mechanism.

Yanagisawa et al. [47] showed that sparking events between copper particles are
more likely to occur at low pressures and high current densities. The contact region
in the case of sparking caused by a single discharge (Fig. 4.29) has a morphology
shown in Fig. 4.30. A scheme describing the contact formation through mass transfer
assisted by melting is presented in Fig. 4.31 (mass transfer is shown by arrows).

The processes occurring at the inter-particle contacts are also of great importance
for nonmetallic materials. According to Vasiliev et al. [48], the strength of porous
monoliths produced by SPS from a zeolite powder was due to strong inter-particle
bonding formed during SPS. The formation of strong bonds between the particles
was associated with a structural collapse of the contacting zeolite grains, the
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breakage and rearrangement of chemical bonds, and the formation of amorphous
regions in the proximity of the contact between the particles (Fig. 4.32).

Dudina et al. [49] observed melting of the copper matrix during SPS of Ti3SiC2–

Cu composite particles produced by mechanical milling. An interfacial reaction
occurring preferentially in the vicinity of contacts between the powder particles
was observed. During sintering of the 5 vol. % Ti3SiC2–Cu powders, a smooth
surface of the powder agglomerates, their close-to-spherical shape and well-
established contacts between them helped avoiding melting of the copper matrix,
which would otherwise have taken place as a result of a local increase in the tem-
perature at the particle contacts under pulsed electric current. In the 18 vol.%
Ti3SiC2–Cu composite (Fig. 4.33), the agglomerates had a rough surface and
an irregular shape, which prevented the formation of intimate contacts between
them. In that case, SPS resulted in partial melting of the Cu matrix, the evidence
of which is seen in both the cross-sectional view and fracture surface of the
composite (Fig. 4.34a–b). The XRD phase analysis (Fig. 4.34c) shows that the

Fig. 4.26 The calculated temperature distribution at the contact between two spherical copper
particles within a compact sintered by SPS. (Reprinted from Song et al. [45], Copyright (2005) with
permission of John Wiley & Sons)
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local melting of copper results in its fast interaction with Ti3SiC2 leading to the
formation of TiCx separated from the Cu–Si melt during the SPS. The energy-
dispersive spectroscopy analysis confirmed the absence of Ti and the presence of
Cu and Si in the re-solidified areas. This result demonstrated that local melting
during the SPS can destabilize the Ti3SiC2 phase leading to de-intercalation of Si,

Fig. 4.27 Fracture surfaces of the copper compacts spark plasma sintered at different temperatures
((a) 440 �C, (b) 550 �C, (c) 660 �C, (d) 770 �C, (e) 880 �C) and (f) the relative density of the
compacts (the arrows indicate the neck zones). (Reprinted from Song et al. [45], Copyright (2005)
with permission of John Wiley & Sons)
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which dissolves in metallic Cu. Fast cooling of inter-particle contacts, which are the
locations of the melt formation during the SPS, enables supersaturated Cu (Si) solid
solution to crystallize. Partial melting of the Cu matrix compromises the phase
stability and uniformity of the microstructure of the Ti3SiC2–Cu composites and
thus cannot be suggested as a pathway to enhanced densification.

Very few studies have been conducted until now to compare the SPS behavior of
powders having the same composition but different microstructures and phase
distribution and, as a result, different contact conditions of the particles, the impor-
tance of which during the initial stages of the SPS process cannot be exaggerated.
Worth noting, however, is a study conducted by Zhao et al. [50], showing that the
structure of the composite powder has a significant effect on the final microstructure,
density, and mechanical properties of bulk composites obtained by SPS. One of the
mixtures prepared by Zhao et al. was obtained by mixing a submicron W powder

Fig. 4.28 Initial Cu powder (a), pressureless SPS at 565 �C (b, c), pressureless SPS at 782 �C (d),
conventionally sintered at 600 �C (e), and conventionally sintered at 800 �C (f). (Reprinted from
Aman et al. [46], Copyright (2012) with permission of Springer)
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with a Co nanopowder by wet milling; the other was produced by dry milling of the
same powder W powder and a Co powder with particles of micrometer size
(Fig. 4.35). In the latter, Co thin films coated the WC particles. Because of the good
contact condition of the Co coating and the WC cores and a high electrical conduct-
ibility of cobalt, most of the current passes through the cobalt thin films during the
sintering process.

This contact condition was very favorable for the current distribution in the SPS
process (Fig. 4.36). As a result of self-Joule heating of the Co film-coated WC

Fig. 4.29 Voltage evolution with time during a pulse discharge. (Reprinted from Yanagisawa et al.
[47], Copyright (2002) with permission form Elsevier)

Fig. 4.30 Contact between
copper particles in the case
of sparking by a single
discharge. (Reprinted from
Yanagisawa et al. [47],
Copyright (2002) with
permission form Elsevier)
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particles, a homogeneous temperature distribution in the sample was achieved,
leading to a rapid densification progress, a homogeneous microstructure, and an
excellent combination of mechanical properties of the sintered material (Fig. 4.37).

Holland et al. [51] reported in situ transmission electron microscopy (TEM)
observations of the stages of pressureless field-assisted sintering of nanosized nickel
particles. Scanning tunneling microscopy (STM) inside a TEM was used to apply an
electrical current directly to the powder particles. An isolated Ni particle with a
diameter of 100 nm located on the STM tip was brought into mechanical contact
with a powder agglomerate on the TEM sample consisting of grains 100–200 nm in
size. To initiate sintering through electrical current, a negative DC bias (up to 10 V)

Fig. 4.31 A scheme of the neck formation via mass transfer by melting. (Reprinted from
Yanagisawa et al. [47], Copyright (2002) with permission form Elsevier)

Fig. 4.32 Contact zones
between the particles of
zeolite spark plasma
sintered to produce a porous
structure. (Reprinted from
Vasiliev et al. [48],
Copyright (2010) American
Chemical Society)

4.7 Processes at the Inter-particle Contacts in SPS 117



was applied to the STM tip (Fig. 4.38). The consolidation occurred in the absence of
any external heat source through multistage sintering. At the first sintering stage,
relative particle rotation was observed. After an annealing time of approximately
145 s at 10 V, rapid consolidation of the particle agglomerate occurred. The
intermediate stage of sintering was very short. The result of the third sintering
stage was a polycrystalline agglomerate with grain boundaries and no apparent
interconnected porosity. The current evolution measured at a bias of �10 V
(Fig. 4.39) shows instances of decreased current, which imply increased resistance
due to the early neck formation and involvement of the new grains.

Matsuno et al. [52] used TEM to study the neck formation between nickel
particles having a layer of NiO on their surfaces during the early stages of sintering.
They found that the surface oxides remain during the early stages of sintering and the
neck formation is limited by self-diffusion of nickel through the oxide layer. The
presence of carbon, however, facilitates the neck formation, as it lowers the reduc-
tion temperature of the nickel oxide. Bonifacio et al. [53, 54] showed that by
applying bias to agglomerated Ni nanoparticles in situ in a TEM, it is possible to
directly observe the dielectric breakdown effect. Figure 4.40 shows the initial
contact between Ni nanoparticles before the bias was applied as well as the evolution
of this contact as successive runs of applied voltage were applied. After the third run,
the oxide layer on the Ni nanoparticles became discontinuous, and after the fourth
run, a metallic neck continued to grow. Using the electron energy loss spectroscopy
(EELS), spatial distribution of the O/Ni atomic ratio was studied, which showed that
under the applied field, oxygen migrated from the contact.

The application of these findings directly to the SPS is not possible, as the field
strength in the experiments was very high (or the order of 108 V m�1). However,
considering a possibility of field amplification at the contact area of dielectric
particles, the results of these experiments are of interest for discussing the sintering
mechanisms involved in different field-assisted consolidation techniques.

Fig. 4.33 Morphology of
the 18 vol.% Ti3SiC2–Cu
composite powder used for
SPS experiments in Ref.
[49]
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A schematic describing the process of breakdown through the vacancy formation
is discussed by Bonifacio et al. [54] (Fig. 4.41). The applied electrical field polarizes
the metal oxide layer on the surface of the particles during stage I, which causes the
formation of oxygen vacancies at stage II. The oxygen vacancies act as electron
trapping sites. Once a critical number of charge traps are reached (according to the
percolation model), the local field enhancement causes an electrostatic field across
the dielectric layer that is equivalent to the breakdown voltage of the oxide (stage

Fig. 4.34 Microstructure of the spark plasma sintered composite ((a) cross-section and (b) fracture
surface) and XRD patterns of the cold-pressed and sintered compacts (c). (Reprinted from Dudina
et al. [49], Copyright (2013) with permission of Springer)
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III). The electrothermal depletion of the surface oxides occurs by means of oxygen
migration away from the inter-particle contact constituting stage IV.

4.8 The Effect of High Heating Rates: Experimental Studies

A high heating rate is one of the characteristic features of pulsed current-assisted
sintering process and a necessary prerequisite of a successful consolidation by SPS.
Heating rates up to 2000 �C/min can be achieved in the SPS. For non-conductive
powders, the high heating rate is the main distinction between SPS and traditional
hot pressing. Zhou et al. [55] reported that the same final density was obtained upon
an increase of heating rate from 50 to 300 �C/min with the same maximum
temperature, which corresponded to a sixfold decrease in the allowed sintering
time. This means the average shrinkage rates are directly proportional to the heating
rates. Similar observations were reported by Shen et al. [56], Chu et al. [57], and
Stanciu et al. [58].

Shen et al. [56] reported experimentally measured shrinkage rates for spark
plasma sintered alumina and suggested an explanation of a shift in the shrinkage
rate maximum to lower temperatures with increasing heating rate by enhancement of
the grain-boundary diffusion with increasing current, by which higher heating rates
are achieved. With heating rates lower than 350 �C/min, fully dense samples were
obtained, but at higher heating rates, the porosity of the compacts increased, as can
be seen in Fig. 4.42 (the experiments were conducted at a constant pressure of
50 MPa, without holding time at maximum temperatures of 1300� or 1400 �C).
Munir et al. [24] point out that the interpretation of the experimental data on the
effect of the heating rate on densification may be complicated by the differences in
the effective thermal and electrical conductivities of the powder compact, contact

Fig. 4.35 Morphology of WC–Co composite powders: (a) submicron WC powder mixed with Co
nanopowder (by wet milling), (b) submicron WC powder dry-milled with Co micron particles
(Co layers coat WC particles). (Reprinted from Zhao et al. [50], Copyright (2007) with permission
from Elsevier)
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resistances between the sample and the die and between parts of the die assembly,
and the pressure application schedule. However, the effect of the heating rate on the
grain size of the sintered compacts is rather clear, as is seen in Fig. 4.43 [56]. The
observed decrease in the grain size with increasing heating rate is related to bypassed
grain coarsening processes: at higher heating rates the sample has a shorter dwell
time, and grain growth should be anticipated in the material to a lower extent.

Higher densification rates at higher heating rates can be explained by the presence
of the additional defects stored in the material during processing. These defects can
be initial “biographic” defects resulting from the processes of thr powder synthesis,
as was suggested by Ivensen [59], or defects in the boundaries between particles, as
was suggested by Dabhade et al. [60]. It has been found that long high-temperature
treatments substantially change the internal structure of grain boundaries: the frac-
tion of high-angle random boundaries with high diffusivity decreases with time

Fig. 4.36 Schematic of the SPS of WC–Co powders of two different structures (a, c) and estimated
current distribution between the die and the sample (b, d). Submicron WC powder mixed with Co
nanopowder (a, b) and Co-coated submicron WC particles (c, d). (Reprinted from Zhao et al. [50],
Copyright (2007) with permission from Elsevier)
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Fig. 4.37 Hardness (a) and fracture toughness (b) of WC–Co spark plasma sintered materials
obtained from a submicron WC powder mixed with a Co nanopowder (by wet milling) and
a submicron WC powder dry-milled with Co micron particles (Co layers coat the WC particles).
The holding time for the mixture of the submicron WC powder with the Co nanopowder was
10 min. The applied pressure in all experients was 60 MPa. (Reprinted from Zhao et al. [50],
Copyright (2007) with permission from Elsevier)
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[61]. High heating rates and short consolidation times could thereby preserve high
diffusivity during sintering. The high heating rate can influence the densification rate
through its impact on the phase transformations, such as glass crystallization, which
changes the effective theoretical density of the solid phase and, therefore, affects
densification [62, 63].

Experiments by Gillia and Bouvard [64] indicate the dependence of the densifi-
cation rate on the average heating rate but no dependence on the temperature history.
These experimental results can be used as a justification of why conventional
theories of sintering and hot pressing do not explicitly include the heating rate as a

Fig. 4.38 Schematic of the
in situ electric field-assisted
sintering experiments in a
transmission electron
microscope. (Reprinted
from Holland et al. [51],
Copyright (2010) with
permission of AIP
publishing)

Fig. 4.39 Current and voltage during the first annealing of Ni nanoparticles at �10V in situ
in electric field-assisted sintering experiments in a transmission electron microscope. (Reprinted
from Holland et al. [51], Copyright (2010) with permission of AIP publishing)
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parameter in kinetic relationships. Yet, the ability of conventional theories to
implicitly incorporate heating rates was earlier demonstrated by Johnson [65] who
qualitatively showed that high heating rates minimize the effects of surface diffusion
processes not contributing to densification; hence, the compact body reaches higher
temperatures in a highly sinterable state. The latter essentially means that rapid
heating should accelerate densification during sintering due to the early activation
of diffusion mechanisms responsible for consolidation (grain-boundary diffusion
and lattice diffusion) and – in the case of SPS – also due to power-law dislocation
creep and due to the reduction of low-temperature stage of sintering when surface
diffusion dominates. Furthermore, short consolidation times preserve a fine-grained

Fig. 4.40 High-angle annular dark-field images (scanning transmission electron microscopy) of
two contacting nickel particles before the application of an electrical bias (a, stage I). The particles
are covered with continuous NiO layers. (b) and (c) show the progression of surface oxide removal
and the subsequent neck formation. (Reprinted from Bonifacio et al. [54], Copyright (2013) with
permission from Elsevier)
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structure in materials, which, in turn, also promotes high densification rates. The
implicit impact of the heating rate on the densification kinetics during sintering has
also been demonstrated by Roura et al. [66], who argued that the concept of a greater
shrinkage rate at rapid heating ramps is valid for any transport mechanism (they
assumed the vacancy diffusivity to be independent of any other internal parameter
beside temperature). Following Johnson [65], the interaction between surface and
grain-boundary diffusion has been noted by various authors as an important factor
determining sintering consolidation rate. Coupled surface-grain-boundary diffusion
models of sintering have been developed both numerically [67–72] and analytically
[73–75]. Most of these studies did not include the direct analysis of the heating rate
influence on the possibility of sintering acceleration; in most cases, they did not take
into account the presence of external loads.

An interesting explanation of the effect of high heating rates on the densification
of ZnO nanopowder was suggested by Schwartz et al. [76], who observed the
formation of 95% dense samples as a result of sintering by the FAST technique
with a maximum temperature of 400 �C. When lower heating rates were used, more
porous samples were obtained, although the same maximum temperature was
reached (Fig. 4.44). While studying the differences in the densification of two
ZnO powder samples (Fig. 4.45), one of which was kept in a humid and the other
in a dry environment before sintering, it was suggested that residual water is

Fig. 4.41 Stages of surface cleaning of Ni nanoparticles during field-induced dielectric breakdown.
The process involves the formation of oxygen vacancies and oxygen migration. (Reprinted from
Bonifacio et al. [54], Copyright (2013) with permission from Elsevier)
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Fig. 4.42 Shrinkage rates of spark plasma sintered alumina at different heating rates. (Reprinted
from Shen et al. [56], Copyright (2002) with permission of John Wiley & Sons)

Fig. 4.43 Dependences of the relative density and grain size on the heating rate for spark plasma
sintered alumina. (Reprinted from Shen et al. [56], Copyright (2002) with permission of John Wiley
& Sons)

126 4 Sintering by Low-Voltage Electric Pulses (Including Spark Plasma. . .



responsible for the enhanced densification. Water adsorbed by the particle surfaces
was presumably kept up to 400 �C in the compact when it was rapidly heated. The
physical influence of water on the densification can be related to the lubrication
effect facilitating particle rearrangement and sliding at the beginning of the densifi-
cation process.

4.9 Modeling of the SPS Processes

Olevsky and coworkers developed a framework for modeling of the SPS processes
[77–79] based on the concepts of the continuum theory of sintering [80–85]. Tradi-
tional (discrete) approaches used for sintering are based on the analysis of the local
kinetics of the processes and studies of the mechanisms of the inter-particle interac-
tion. The results of the analysis are then extended to describe the behavior of a
macroscopic porous body. However, the sintering kinetics of porous bodies is
influenced not only by the physical properties of the powder material and the nature
of the inter-particle interaction but also by the macroscopic factors, such as kine-
matic limits imposed by external forces and inhomogeneity of the properties in the

Fig. 4.44 Relative densities of ZnO compacts as a function of temperature obtained at three
different heating rates; the vertical line marks the beginning of the isothermal dwell period.
(Reprinted from Schwarz et al. [76], Copyright (2012) with permission of John Wiley & Sons)
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volume of the macroscopic body. The developed framework was used to study the
roles of high heating rates and thermal diffusion in the SPS processes and contribu-
tion of electromigration to the electric current-accelerated diffusion.

4.9.1 Macroscopic Level of Analysis

In the continuum theory of sintering [84], the macroscopic behavior of a porous
body is described by relating an external load corresponding to the stress tensor
components σij to the strain rate tensor components _ε ij by the nonlinear viscous
constitutive relationship:

σij ¼ σ Wð Þ
W

φ _ε ij þ ψ � 1
3
φ

� �
_e δij

� �
þ PLδij, ð4:1Þ

where W is the “equivalent strain rate” and σ(W ) is the “equivalent stress”; φ and ψ
are normalized shear and bulk viscosities; δij is the Kronecker symbol (δij ¼ 1 if i¼ j
and δij ¼ 0 if i 6¼ j); and _e is the first invariant of the strain rate tensor, i.e., sum of
tensor diagonal components: _e ¼ _ε ii ¼ _ε 11 þ _ε 22 þ _ε 33. Physically, _e represents
the volume change rate of a porous body. The porosity θ is defined as the volume
fraction of voids in a porous body.

Fig. 4.45 Densification of two ZnO powder samples, one of which was kept in a humid and the
other in a dry environment before sintering. (Reprinted from Schwarz et al. [76], Copyright (2012)
with permission of John Wiley & Sons)
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Effective equivalent strain rate W depends on the invariants of the strain rate
tensor

W ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
1� θ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φ _γ 2 þ ψ _e 2

p
, ð4:2Þ

where _γ is the second invariant of the strain rate tensor deviator and represents,
physically, the shape change rate of a porous body

_γ ¼ _ε ij � 1
3
_e δij

� �
_ε ij � 1

3
_e δij

� �� �1=2
ð4:3Þ

It can be expressed in terms of the principal elongation rates: _ε 1, _ε 2, _ε 3,

_γ ¼ 1ffiffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
_ε 1 � _ε 2

�2 þ � _ε 2 � _ε 3
�2 þ � _ε 3 � _ε 1

�2q
ð4:4Þ

Parameter σ(W ) is the effective stress responsible for the constitutive behavior of
a porous material. If σ(W ) is given by the linear relationship σ(W ) ¼ 2η0W, where
η0 is the shear viscosity of a fully dense material, Eq. (4.1) is transformed into

σij ¼ 2η0 φ _ε ij þ ψ � 1
3
φ

� �
_e δij

� �
þ PLδij ð4:5Þ

For diffusional sintering of crystalline materials, η0 is related to the effective
diffusion coefficient, calculated based on Raj and Ashby [86] or Maximenko and
Olevsky [87] approximations. In a generalized form

η0 ¼
ktG2

Ω
1

Deff
,Deff ¼ Deff Dgb, Dv;Ds

� �
, ð4:6Þ

where k is the Boltzmann constant, T is the absolute temperature, G is the grain size,
Ω is the atomic volume, and the effective diffusion coefficient Deff depends on the
coefficients Dgb, Dv, and Ds of the grain-boundary, volume, and surface diffusion,
respectively.

Effective sintering stress PL is the product of the local sintering stress PL0 ¼ 3α
=r0 (α is the surface tension; r0 is the average particle radius) and the normalized
effective sintering stress �PL,

PL ¼ PL0
�PL ¼ 3α

r0
�PL ð4:7Þ

In the simplest case, in constitutive relationship (4.1), three main parameters PL,
φ, and ψ are functions of porosity (PL can also incorporate an additional term
responsible for the in-pore gas pressure). Skorohod’s rheological model [88] postu-
lates that
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φ ¼ 1� θð Þ2, ψ ¼ 2
3

1� θð Þ3
θ

, �PL ¼ 1� θð Þ2 ð4:8Þ

In the multi-scale theory of sintering [67, 89–92], PL, φ, and ψ have to be
determined based on the consideration of a mesoscale pore-grain structure evolving
during sintering. For the calculation of the porosity (relative density) evolution, the
following continuity (mass conservation) equation is used:

_θ

1� θ
¼ _e ð4:9Þ

Equations (4.1–4.9) describe the continuum theory of sintering framework, which
does not include SPS-specific factors. This framework, however, can serve as a basis
of the modeling expansion including factors of both thermal and nonthermal nature
influencing mass transport under SPS conditions of processing.

4.9.2 Microscopic Level of Analysis: Grain-Boundary
Diffusion Driven by Externally Applied Load
and Surface Tension

Olevsky et al. [77–79] consider two major densification-contributing mechanisms of
mass flux for SPS, grain-boundary diffusion and power-law dislocation creep, and
use the previously developed micromechanic framework for modeling the grain-
boundary diffusion in sintering under applied pressure [67] combined with the
earlier developed model of power-law creep under hot deformation of powder bodies
[81, 82, 84, 85] as the theoretical background for the consideration of SPS. A
micromechanical model for a powder compact of simple-packed, rectangular grains
with semiaxes a and c and elliptical pores located at the grain quadrajunctions was
used (Fig. 4.46).

The maximum and minimum curvature radii ra and rc of the elliptical pore
contour are defined as

ra ¼
c2p
ap

, rc ¼
a2p
cp

, ð4:10Þ

where ap and cp are the semiaxes of the pores. Based on the results of Olevsky et al.
[67], stresses in the x direction can be expressed as follows:
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σx ¼ 3α
2c2

1
rc
þ 1

c
sin

ϕ

2

� �
þ 3
2c3

σx cþ cp
� �	 


y2 þ α � 3
2c

sin
ϕ

2
� 1
2
1
rc

� �

� 3
2c

σx cþ cp
� �

, ð4:11Þ

where α is the surface tension, ϕ is the dihedral angle, σx is the effective (far-field)
external tress in the x direction (compressive σx is negative), and y is the coordinate.

Parameter σx
cþ cp
� �

c

� �
is a local stress on the grain boundary with

cþcpð Þ
c being a

stress concentration factor.
In the case of structure shown in Fig. 4.39,

J gb
y ¼ δgbDgb

kT

∂σx
∂y

� �
, ð4:12Þ

where J gb
y is the flux of matter in the direction of the axis y caused by grain-boundary

diffusion, Dgb is the coefficient of the grain-boundary diffusion, δgb is the grain-
boundary thickness, k is the Boltzman constant, and T is the absolute temperature.

Fig. 4.46 Pore-grain structure unit cell. Rectangular grains with semiaxes a and c contain elliptical
pores with semiaxes ap and cp located at the grain quadrajunctions. (Reprinted from Olevsky et al.
[78], Copyright (2007) with permission of AIP Publishing)
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The following relationship between the flux and the strain rate _ε gbx ( _ε gbx is negative
in the case of shrinkage in the x direction) in the orthogonal direction should be taken
into account:

_ε gbx ¼ � J gb
y cð Þ

2 aþ ap
� � Ω

cþ cp
� � , ð4:13Þ

where Ω is the atomic volume, to obtain the expression for the shrinkage kinetics
during SPS (as SPS is carried out in a rigid die, the axial components of the
shrinkage equal the overall volume shrinkage rate):

_ε gbx ¼ � δgbDgb

kT

Ω

aþ ap
� �

cþ cp
� � 3α

c

1
rc
� 1
2
sin

ϕ

2

� �
� σx

cþ cp
c2

	 

ð4:14Þ

For equiaxial grains of size G ¼ a ¼ c,

_ε gbx ¼ � δgbDgb

kT

Ω

Gþ rp
ffiffiffi
ξ

p� �
Gþ rpffiffi

ξ
p

� � 3α
G

1
rc
� 1
2G

� �
� σx

Gþ rpffiffi
ξ

p

G

( )
, ð4:15Þ

Here ϕ is assumed equal to 60�, ξ ¼ ap
cp
is the elliptical pore aspect ratio, and rp is the

equivalent pore radius:

rp ¼ ffiffiffiffiffiffiffiffiffi
apcp

p ¼ cp
ffiffiffi
ξ

p
¼ apffiffiffi

ξ
p , rc ¼ rp ξ

3=2 ð4:16Þ

4.9.3 Microscopic Level of Analysis: Power-Law Creep
Driven by Externally Applied Load and Surface Tension

Based on the continuum theory of sintering [84],

σx ¼ AWm�1 φ _ε crx þ ψ � 1
3
φ

� ��
_ε crx þ _ε cry

�� �
þ PL, ð4:17Þ

where _ε crx and _ε cry are components of the shrinkage rate corresponding to the
mechanism of power-law creep; A and m are the power-law creep frequency factor
and the power-law creep exponent, respectively; and W is the equivalent effective
strain rate, which can be expressed as

W ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
1� θ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
φ _ε crx � _ε cry

 2 þ ψ
�
_ε crx þ _ε cry

�2r
ð4:18Þ
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For the case of pressing in a rigid die, the deformation occurs only in the
x direction, while _ε cry ¼ 0. Taking into account the negative signs of the shrinkage
rate and of the compressive axial stress, the following expression was obtained:

_ε crx ¼ �
ffiffiffiffiffiffiffiffiffiffiffi
1� θ

p� �m�1�
PL � σx

�
=A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
φþ ψ

r !mþ1
8<
:

9=
;

1=m

ð4:19Þ

Using φ ¼ (1 � θ)2, ψ ¼ 2
3

1�θð Þ3
θ , PL ¼ 3α

2G 1� θð Þ2, where G ¼ a ¼ c is the grain
size, _ε crx can be expressed as

_ε crx ¼ � 3θ
2

� � mþ1ð Þ=2 3α
2G

1� θð Þ2 � σx

� �
=A 1� θð Þ mþ3ð Þ=2

( )1=m

ð4:20Þ

Following [93], the power-law frequency factor can be written as

A ¼ A0exp
Qcr

RT

� �
, ð4:21Þ

where Qcr is the creep activation energy.

4.9.4 Theoretical Analysis of the Effect of High Heating
Rates in the SPS

Olevsky et al. investigated the role of heating rates in the SPS by developing a
combined surface-grain-boundary diffusion power-law creep model [78]. The model
incorporates two mechanisms of mass transport contributing to densification: grain-
boundary diffusion and power-law dislocation creep. Surface diffusion contributes
to the evolution of the pore surface curvature, thereby influencing the intensity of the
grain-boundary diffusion at the early stages of sintering. Figure 4.47 shows the
assumed initial pore shape and its evolution due to surface and grain-boundary
diffusion.

The curvature radius rc increases due to the mass redistribution along the pore
surface caused by surface diffusion. This increase in the curvatures of the tips slows
down the grain-boundary diffusion according to Eq. (4.15). In order to verify the
assumed mechanism of the sinterability enhancement, the impact of the reduction of
the initial time period of the surface diffusion’s domination due to higher heating
rates on the increase of the grain-boundary diffusion’s contribution to shrinkage has
to be assessed. Regarding densification by grain-boundary diffusion, the main events
happen in the areas of the pore tips located at grain junctions. The morphological
changes of the pore surface in these areas due to the action of the surface diffusion
were assumed to be similar to those experienced by elliptical pores with the same
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tips’ configuration. The surface diffusion-based evolution of the elliptical pore with
the pores’ semiaxes ap and cp was described by Olevsky et al. [67]:

_a p ¼ �3
δsDsαΩ

kT

c2p � a2p

� �
c3pa

2
p

, ð4:22Þ

_c p ¼ 3
δsDsαΩ

kT

a2p � c2p

� �
a3pc

2
p

ð4:23Þ

where δs is the surface diffusive width (δs ¼ Ω � the number of atoms per unit area)
and Ds is the coefficient of surface diffusion. It is possible to show that

_ξ ¼ 6δsDsαΩ
kT

1� ξ2

r4p
ð4:24Þ

Factor _ξ corresponds to the rate of the pore spheroidization, and ξ characterizes
the “sharpness” of the pore tip.

The total shrinkage during the SPS is superposition of the shrinkage rates
corresponding to the grain-boundary diffusion and lower-law creep mechanisms:

_ε x ¼ _ε gbx þ _ε crx ð4:25Þ
The equation _ξ can be thus transformed into

_ξ ¼ 3δsDsαΩ
8kTG4ξ2

1� ξ2
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ξð Þ2 þ π

θ
ξ

r
� 1þ ξð Þ

� �4
, ð4:26Þ

Fig. 4.47 Evolution of the pore morphology. (Reprinted from Olevsky et al. [78], Copyright
(2007) with permission of AIP Publishing)
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while _θ can be expressed as follows:

_θ ¼ � 1� θð Þ � δgbDgbΩαθ
kTG4ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ξð Þ2 þ π

θ
ξ

r
� 1þ ξð Þ

� �2 

3

2ξ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ξð Þ2 þ π

θ
ξ

r
� ξ2 þ ξþ 1
� �� �

� σx
G

α

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ξð Þ2 þ π

θξ

r
� ξþ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2
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3
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8>>><
>>>:

9>>>=
>>>;

þ 3θ
2

� � mþ1ð Þ=2 3α
2G 1� θð Þ2 � σx
h i

=A0exp
Qcr
RT

� �
1� θð Þ mþ3ð Þ=2

n o1=m
�

ð4:27Þ
The grain growth is an important phenomenon, which can considerably influence

the kinetics of densification. Despite numerous publications on the grain structure
evolution during high-temperature processing, the regularities of the grain growth
kinetics in hot pressure-assisted consolidation of powders remain under discussion.
There is no unified opinion on the impact of externally applied stresses on grain
growth. In order to deconvolute the possible impact of the external stresses on the
grain growth and, in turn, on the densification kinetics, we employ a grain growth
law obtained by an asymptotic approximation of Hsueh et al. [94] and Du and Cocks
results [95]. This enables an independent consideration of the primary conceptual
idea – the dependence of the sinterability on the heating rate as a result of the
interplay of surface diffusion, grain-boundary diffusion, and power-law dislocation
creep. Aluminum was taken as an example to perform the modeling studies. The
grain growth kinetics of aluminum has been studied by Beck et al. [96]. Based on
[93, 95, 96], it is possible to derive the following equation for the grain growth of
aluminum:

_G ¼ 6:67� 10�4 1
K

� �
ω ln

235K=s
ω

G0
G0

G

� �3

θ�1:34, if T > 533 K

and
_G ¼ 0, if T � 533 K

ð4:28Þ

where ω is the heating rate.
The ordinary differential Eqs. (4.26), (4.27), and (4.28) were solved numerically.

The calculations were carried out for an aluminum powder for the conditions of a
constant heating rate starting from 25 �C until reaching the maximum temperature of
600 �C without isothermal holding periods using five different heating rates: 10, 25,
50, 100, and 200 �C/min (Fig. 4.48). The results showed that an increase of heating
rate with the same maximum temperature and a corresponding time decrease of
sintering time allow obtaining the same final density. This indicates the ability of the
conventional sintering and hot-pressing models to describe the acceleration of the
densification and deceleration of the grain growth under high heating rate conditions,
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such as those utilized during SPS, without the explicit employment of the heating
rate as an additional governing parameter.

The higher the heating rate is, the smaller the increase of the radius of curvature of
the pore tip is, and, in turn, the higher the driving force for grain-boundary diffusion
is obtained within the given period of time. In other words, for high rates of heating,
surface diffusion does not have enough time to “smooth out” pore surfaces so that
densification-contributing grain-boundary diffusion, which is activated at higher
temperatures, is driven by still very substantial stresses inversely proportional to
the radius of curvature rc. At the same time, the well-known pinning effect of pores
restricting grain growth disappears when pores become small due to densification. If
after this critical point sintering time is long enough, substantial grain growth occurs.
For high heating rates, the grain growth may be diminished due to short processing
times. The time, however, must be sufficient to complete densification. Figure 4.49a,
b shows the evolution of the grain size with respect to time and temperature for
different heating rates. The calculation results indicate that the higher heating rate
promotes grain size retention. For the fixed final porosity level (5%), however, the
final grain size manifests a nonmonotonous dependence on the heating rate
(Fig. 4.49a). This is the result of the competition between the grain growth rate
and the available time for grain growth.

Figure 4.50 shows the evolution of the pore tip sharpness as the result of the
application of different heating rates. It can be seen that the higher heating rates
postpone the pore spheroidization; this, in turn, favors materials’ sinterability for
higher heating rates. This effect is more pronounced for larger initial grain sizes. In
this case, the contribution to densification by grain-boundary diffusion increases due

Fig. 4.48 Shrinkage kinetics of an aluminum powder heated at different rates (calculation results).
(Reprinted from Olevsky et al. [78], Copyright (2007) with permission of AIP Publishing)
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to the postponed pore spheroidization; indeed, the rate of increase of the pore aspect
ratio is inversely proportional to the fourth power of the grain size (Eq. (4.24)).

Figure 4.51 shows the calculated dependence of the shrinkage rate on the
temperature. The observed nonmonotonous dependence is characteristic for powder
densification processes, when after the initial increase, the rate of the process decays

Fig. 4.49 The calculated grain growth kinetics of aluminum powder. (Reprinted from Olevsky
et al. [78], Copyright (2007) with permission of AIP Publishing)
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Fig. 4.50 Evolution of the pore aspect ratio (pore tip sharpness) for different average initial grain
sizes and heating rates. (Reprinted from Olevsky et al. [78], Copyright (2007) with permission of
AIP Publishing)

Fig. 4.51 Calculated shrinkage rates vs. temperature for an aluminum power. (Reprinted from
Olevsky et al. [78], Copyright (2007) with permission of AIP Publishing)
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due to the decrease of porosity and the overall material strengthening. The results of
modeling qualitatively agree very well with the experimental data on the SPS of an
aluminum alloy shown in Fig. 4.52.

The results of modeling suggest the strong dependence of the shrinkage rate
during SPS on the two particular parameters: heating rate and the initial grain particle
size. For the purpose of the verification, the experiments have been conducted to
study the impact of these parameters on the densification kinetics of an aluminum
powder. The results of these experiments are shown in Fig. 4.53 in the form of the
dependence of the shrinkage rate on the temperature for two different heating rates
(50 and 150 �C min�1) and two different average particle sizes (75 and smaller
than 50 μm). The results indicate a bigger difference in the shrinkage maximum rates
as well as the bigger shift of the shrinkage maximum rate to higher temperatures for
the larger average particle size of 75 μm. This confirms the previously noted fact,
based on the modeling results, that the interaction between surface diffusion and
grain-boundary mechanisms of mass transport in SPS and, in turn, the impact of
heating rate on the shrinkage kinetics is more pronounced for larger particle sizes.
For a certain range of grain sizes and for high heating rates, sintering can be
accelerated if coarser particles are used. This phenomenon vanishes with the
decrease of the heating rate and should be reversed for conventional rates of powder
processing.

Experimental verification of the model was carried out to reveal that the model
predictions for the shrinkage kinetics are in good qualitative agreement with the
experimental data for an aluminum powder [78]. Some quantitative discrepancies
between the model and experimental data may be explained by omitting a number of

Fig. 4.52 Experimental shrinkage rates vs. temperature for an aluminum alloy powder. (Reprinted
from Olevsky et al. [78], Copyright (2007) with permission of AIP Publishing)
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phenomena contributing to the mechanisms of SPS consolidation. It should be noted
that sintering enhancement by high heating rates is only one of a number of possible
contributing factors. In particular, no enhancement of the densification by electro-
magnetic field was considered in model presented in Ref. [78]. However, a closer
correlation with the experimental data can be obtained if the contribution of
electromigration is taken into account, which will be discussed below. The interac-
tion of surface and grain-boundary diffusion is one of the major mechanisms
enabling the impact of heating rates on the consolidation kinetics during SPS.
Another heat rate-sensitive contribution to the densification is related to the shrink-
age kinetics by power-law creep accelerated for rapid increases of temperature. The
model predictions agree well with the experiments revealing the shrinkage rate
dependence on temperature for different heating rates and average initial grain
sizes of an aluminum alloy powder. Both the calculations and the SPS experiments
show the increase of the maximum shrinkage rate for larger particle sizes. This
mostly unusual for conventional powder sintering and hot-pressing phenomenon is
explained under the conditions of the rapid heating by the delayed pore tip
spheroidization and, in turn, the intensification of grain-boundary diffusion at
the early stages of sintering for larger grain sizes. For lower heating rates, this effect
should be inverted. The developed model takes into consideration the influences of
rapid heating without distinguishing the source of heat, which makes it suitable not
only for the description of SPS but applicable for the analysis of any rapid sintering
techniques such as microwave sintering or self-propagating high-temperature
(SHS)-enabled sintering [97]. For the description of SPS, however, the model

Fig. 4.53 Effect of the particle size on the densification kinetics (experimental data). (Reprinted
from Olevsky et al. [78], Copyright (2007) with permission of AIP Publishing)
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emphasizes only one factor of thermal nature – heating rate – of many factors, which
may be responsible for the enhancement of the consolidation during SPS compared
to conventional powder processing techniques.

4.9.5 Influence of Thermal Diffusion

In contrast to heating rates, the role of temperature spatial gradients as independent
governing parameters influencing the constitutive behavior during sintering may be
significant. This is related to the Ludwig–Soret effect [98] of thermal diffusion,
which causes concentration gradients in initially homogeneous two-component
systems subjected to a temperature gradient. The thermal diffusion-based constitu-
tive mechanism of sintering results from the additional driving force due to a
spatially varying temperature gradient, which causes vacancy diffusion (in contrast
to the traditional “component mixing” effect of regular diffusion, thermal diffusion
leads to the separation of components). This mechanism should be an addition to the
free-surface curvature-driven diffusion considered in conventional sintering theo-
ries. Based on the results of Schottky [99], the flux (along various paths) equation
corresponding to thermal diffusion is given by

J ¼ �D ∇Cv þ Cv
Q∗

kT

∇T

T

� �
, ð4:29Þ

where J is the vacancy flux, D is the diffusion coefficient, Cv is the vacancy
concentration,∇Cv is the vacancy concentration gradient, Q

∗ is the heat of vacancy
transport, and ∇T is the temperature gradient.

Equation (4.29) combines two temperature gradient-driven phenomena: the first,
corresponding to the term, �D∇Cv, describes the flux of vacancies caused by their
nonuniform spatially distributed concentration due to the temperature spatial
nonuniformity and the second, corresponding to the term, DCv

Q∗

kT
∇T
T , is the direct

manifestation of the Ludwig–Soret effect in crystalline solids. It is noteworthy that in
conventional sintering theories, the term ∇Cv is considered to be caused by surface
tension, which makes it different from the one used in Eq. (4.29). In the analysis
below, it is assumed that vacancy gradients developed from the surface curvature
and from the temperature gradients act independently in contributing to sintering
shrinkage.

The equilibrium vacancy concentration is determined as Cv ¼ NAρ
A exp �H f

kT

� �
,

where NA is the Avogadro’s number, ρ is the material’s theoretical density, and
A is the atomic weight.

Assuming only the temperature dependence of vacancy concentration Cv, it was
shown [100, 101] that
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∇Cv ¼ CvH f

kT2 ∇T , ð4:30Þ

where Hf is the enthalpy of vacancy formation. The equation for the flux can be
rewritten as follows:

J ¼ �DCv

kT
H f þ Q∗ð Þ∇T

T
: ð4:31Þ

Wirtz [102] suggested that Q∗ ¼ Hm � Hf,
where Hm is the enthalpy of vacancy migration. Young and McPherson [100]

derived

J ¼ �DCv

kT
Hm

∇T

T
ð4:32Þ

Kornyushin [103, 104] introduced the spatially averaged version of Eq. (4.32) by
utilizing the thermal diffusion ratio κ0T (hTi is the spatial average of temperature):

κ
0
T ¼ Cv Hm � H fð Þ

kT
, J ¼ �D

κ
0
T

T
∇T ð4:33Þ

Kornyushin did not include the term ∇Cv in Eq. (4.33), thereby omitting the
input of nonuniform vacancy generation caused by temperature spatial
nonuniformity. Olevsky and Froyen [79] used the formulation derived by Young
and McPherson [100] and adjusted it by added spatial averaging of the temperature
introduced by Kornyushin [103, 104]:

J ¼ �D
κT
T
∇T , ð4:34Þ

where the thermal diffusion ratio κT is redefined as

κT ¼ CvHm

k Th i ð4:35Þ

The driving force for the vacancy migration is given by

div J ¼ �D
κT
Th iΔT , ð4:36Þ

where ΔT is the temperature Laplacian. Taking into consideration the heat transfer
equation

λTΔT ¼ C
∂T
∂t

� q, ð4:37Þ
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where λT is the thermal conductivity, C is the heat capacity, t is the time, and q is the
heat production per unit volume of the material and per unit time, which in the case
of SPS can be represented as q¼ λeE

2, where λe is the specific electrical conductivity
and E is the electric field intensity.

Equation (4.36) can be rewritten as

div J ¼ �D
κT

λT Th i C
∂T
∂t

� λeE
2

� �
ð4:38Þ

In general, the heat production equation should include the impact of the Thom-
son thermoelectric effect [105]. However, as was estimated for aluminum at
∇T� 106 K/m and E¼ 400 V/m, the contribution of the Thomson effect constitutes
only 0.01 of the Joule heat generation. For higher electric fields, the Thomson effect
can reach considerable values; in addition, for composite powder systems, it may
become necessary to take into account the Seebeck (thermopower) and Peltier
thermoelectric effects.

It follows from Eq. (4.38) that the thermal diffusion’s impact on SPS is signifi-
cant, if

C
∂T
∂t

� λeE
2


� 0 ð4:39Þ

It is evident that the Ludwig–Soret effect will result in the maximum additional
driving force for sintering during isothermal periods (when ∂T

∂t ¼ 0 ), which is
possible if cooling from the specimen’s surface compensates its heating by the
electric current. For electric conductors, even for moderate values of E (e.g., 50 V/
m), the term λeE

2 should always exceed the termC ∂T
∂t by several orders of magnitude

due to high values of λe. For materials with lower electric conductivity, the contri-
bution of the thermal diffusion mechanism depends on the balance between the
amount of extracted Joule heat and the amount of energy absorbed by the powder
through its heat capacity. In SPS, due to the use of conductive (mostly graphite) dies,
the heat source term is always significant even for non-conductive specimens. It
should be noted that Johnson [106] exploring the role of temperature gradients in
microwave sintering did not include the heat source term (such as q ¼ λeE

2) in the
heat balance equation and concluded that along-the-grain-boundary temperature
gradients in field-assisted sintering are negligible. It should also be noted that
convection and radiation heat losses are omitted in Eq. (4.37), which leads to the
overestimation of the temperature Laplacian. Because the driving force for the
mechanism of thermal diffusion also depends on the temperature and the
temperature-dependent coefficient of diffusion (Eq. (4.38)), the impact of omitting
the heat losses on the intensity of the thermal diffusion contribution to the sintering
shrinkage is ambiguous and should depend on the boundary conditions. It is
reasonable to assume that during a short pulse in the SPS the heat conductivity of
the material is not sufficiently large to lead to significant heat losses in the considered
local material volume. Even for conductive metallic powders, this assumption
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should provide a sufficient degree of accuracy due to the presence of oxide films at
the particle boundaries. With respect to temperature gradients, this assumption may,
in fact, lead to their underestimation, thereby diminishing somewhat the assessed
effect of thermal diffusion.

Olevsky and Froyen [79] analyzed the enhancement of the grain-boundary
diffusion flux (in general, the impact of the Ludwig–Soret effect may be different
for other mass transport mechanisms, such as volume diffusion). The driving force
given by Eq. (4.38) should result in the flux of vacancies complementary to the
curvature-driven mechanism:

J gb
td ¼ 2 div Jð ÞG ¼ 2δgbDgb

κT
λT Th i C

∂T
∂t

� λeE
2

� �
G ð4:40Þ

The strain rate component corresponding to the thermal diffusion mechanism is
given by

_ε td
gbx ¼ � J gb

td Ω
2 Gþ rp
� �2 ¼ δgbDgbκTΩ

λT Th i C
∂T
∂t

� λeE
2

� �
G

Gþ rp
� �2 ð4:41Þ

In order to convert the mesoscopic strain rate _ε td
gbx into the macroscopic strain rate

_ε td
gbx , a homogenization procedure is used, which includes the mass conservation

equation

rp ¼ 2G
ffiffiffi
θ

p
ffiffiffi
π

p � 2
ffiffiffi
θ

p ð4:42Þ

and the linear-viscous consequence of Eqs. (4.1) and (4.8):

_ε td
gbx ¼ _ε td

gbx
θ

2 1� θð Þ3 for uniaxial loadingð Þ: ð4:43Þ

The following equation can be thus obtained for the macroscopic contribution of
thermal diffusion to the shrinkage rate

_ε td
gbx ¼ δgbDgbΩCvHm

λTkT
2 C

∂T
∂t

� λeE
2

� �
� 3

ffiffiffi
π

p � 2
ffiffiffi
θ

p� �2
θ

2πG 1� θð Þ ð4:44Þ

Gostomelskii and Krupnova [107] derived a non-steady-state equation for the
pulsed electric heating of a volume containing a pore assuming that the current
pulses are sufficiently short such that the heat conductivity cannot redistribute the
heat away from the pore. This can be accepted as a ball-park approximation for the
local temperature gradients in the inter-particle contact areas. The local temperature
gradients after n pulses can be roughly assessed as
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∇Tj jlocal ¼
1

Gþ rp
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λeE2

2C
T0

n
Δt,

s
ð4:45Þ

where Δt is the duration of the electric pulse and n is the number of pulses.
The macroscopic temperature gradients in a cylindrical alumina specimen

subjected to pulse Joule heating can reach 103 K m�1 [79]. The calculations of the
local temperature gradients for an alumina specimen based on Eq. (4.45) are shown
in Fig. 4.54. They indicate that the temperature gradients concentrated in the area of
inter-particle contacts can exceed the macroscopic gradients by 3–4 orders of
magnitude.

An expression for the thermal diffusion-enabled pulse duration dependent shrink-
age rate can be obtained:

_ε td
gbx ¼ �CvHm

k Th i2
δgbDgbΩ

Gþ rp
� �3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λeE2

2C
T0

n
Δt:

s
ð4:46Þ

Equation (4.46) can serve as an approximation of the contribution of the thermal
diffusion (caused both by the Ludwig–Soret effect and nonuniform vacancy gener-
ation due to temperature gradients) to the shrinkage rate during SPS. Equation (4.46)
simplifies the impact of frequency on the thermal diffusion due to neglecting heat

Fig. 4.54 Temperature evolution and the local temperature gradient of an alumina powder spec-
imen subjected to SPS (E ¼ 300Vm, initial temperature T0 ¼ 298 K, pulse “on” and “off” duration
Δt¼ 5 ms, grain size G¼ 50 μm, pore size rp ¼ 30 μm). (Reprinted from Olevsky and Froyen [79],
Copyright (2008) with permission of John Wiley & Sons)
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conductivity and heat losses. It may be useful if the direct assessment of the impact
of the electric pulse duration and frequency on the shrinkage intensity during SPS is
necessary. It should be noted that the contribution to SPS of the thermal diffusion
mechanism related to the frequency of pulsing may be more complex than predicted
by Eq. (4.46). It is logical to assume that for higher frequencies (shorter periods of
pulse time), the temperature gradients developed are higher, because heat transfer
has less time to homogenize the local temperature distributions. Hence, the intensity
of thermal diffusion increases for higher pulse frequencies. As has been mentioned
earlier, the thermal diffusion promotes the separation of atoms and vacancies. At
early stages of sintering, this should lead to the growth of inter-particle necks, which
corresponds to the enhancement of sintering. At the final stages of sintering,
however, the pores may serve as vacancy sinks under thermal diffusion conditions,
which impedes sintering. This analysis leads to an interesting conclusion that
increased pulse frequencies enhance sintering at the early stages of SPS and hinder
sintering at the late stages of the SPS process. This assessment may be used for the
explanation of the fact that in some experimental studies the pulse frequency was
found to have a limited impact on SPS results [23]. Indeed, its contributions at early
and late stages of SPS could offset each other. A study by Chen et al. [108] of the
effect of pulsing pattern on the reactivity between layers of Si and Mo brought in
contact in the SPS without a die led to a conclusion that the growth rate of the
reaction product MoSi2 in the temperature range 1070–1270 �C did not depend did
not depend on the pulsing pattern (Fig. 4.55), which was varied by changing the
relative duration of the “on” and “off” periods.

Xie et al. did not find any significant effects of the pulse frequency during the
sintering process on the density and tensile properties of consolidated aluminum
compacts [109]. An interesting experiment has been conducted by Shen et al. [56],
who showed that the pulse on/off sequence in the SPS influences the shrinkage rates
and the temperature of the shrinkage rate maximum. In order to ensure a certain
heating rate, a lower current and voltage output is needed for a higher on/off pulse
ratio. A lower output will cause lower shrinkage rates at the same temperatures and a
shift of the shrinkage rate maximum to higher temperatures. Worth noting here is
only a slight shift of the sintering shrinkage rate maximum (approximately 50 �C)
upon a change of the pulse sequence ratio from 1.1 to 18 (Fig. 4.56).

Calculations using a combined constitutive model [79] taking into account the
surface curvature- and external pressure-driven grain-boundary diffusion, power-law
creep, and thermal diffusion, such that the shrinkage rate is given by

_ε x ¼ _ε st
gbx þ _ε crx þ _ε td

gbx , ð4:47Þ

show that the contribution of thermal diffusions to the shrinkage rate can be
significant, especially for high temperatures and smaller particle sizes (Fig. 4.57).
The comparative results for alumina (Fig. 4.58) indicate some shrinkage underesti-
mation by modeling. This discrepancy between the modeling and experimental
results could have been caused by a number of factors omitted in the analysis.
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4.9.6 Contribution of Electromigration

The first attempt to take into consideration a direct contribution of electric field to the
densification during SPS has been undertaken by Olevsky and Froyen [77], who

Fig. 4.55 Pulsing patterns for various combination of “on” and “off” periods. (Reprinted from
Chen et al. [108], Copyright (2004) with permission from Elsevier)
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developed a constitutive model for SPS taking into account the contributions of
sintering stress (surface tension), external load, and electromigration to sintering
shrinkage. It has been shown that electromigration-related material flux can be a
significant component of the electric current-accelerated diffusion. The flux of the

matter J
!

caused by the grain-boundary diffusion is determined by Nernst–Einstein
equation [110]:

J
!
¼ CE E

!
þCσ ∇

!
σ, ð4:48Þ

where E
!

is the component of the electric field in the tangent plane of the grain-

boundary and ∇
!

σ is the gradient of stresses normal to the grain boundary,
Cσ ¼ δgbDgb

kT , where Dgb is the coefficient of the grain-boundary diffusion and δgb is
the grain-boundary thickness. CE is determined by the following formula [111]:

CE ¼ δgbDgb

ΩkT
Z∗eq, ð4:49Þ

where Z∗ is the valence of a migrating ion and eq is the electron charge. In the case
shown in Fig. 4.59 (see also Fig. 4.46)

Fig. 4.56 Shrinkage rates of spark plasma sintered alumina observed at different pulse on/off
sequences. (Reprinted from Shen et al. [56], Copyright (2002) with permission of John Wiley &
Sons)
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Fig. 4.57 Contribution to shrinkage rate from different mechanisms of mass transport for an
alumina powder, E ¼ 300Vm, Δt ¼ 5 ms, applied stress σx ¼ 30 MPa, porosity θ ¼ 0.3, heating
rate, grain size G ¼ 0.5 μm (a) and G ¼ 10 μm (b). (Reprinted from Olevsky and Froyen [79],
Copyright (2008) with permission of John Wiley & Sons)
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Fig. 4.58 Porosity kinetics during SPS of alumina powder. Comparison of the developed model
taking into account the impact of thermal diffusion with experimental data of Shen et al.
[56]. (Reprinted from Olevsky and Froyen [79], Copyright (2008) with permission of John Wiley
& Sons)

Fig. 4.59 Representative unit cell. The pore-grain structure is subjected to a simultaneous action of
external load, surface tension, and electromigration. The electric field is macroscopically unidirec-
tional and can branch locally. (Reprinted from Olevsky and Froyen [77], Copyright (2006) with
permission from Elsevier)
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J gb
y ¼ δgbDgb

kT

Z∗eq
Ω

U

l
þ ∂σx

∂y

� �
, ð4:50Þ

where U is the electric potential and l is the characteristic length along the electric
field. Then _ε gbx can be expressed as follows:

_ε gbx ¼ � δgbDgb

kT

Ω
Gþ rp
� �2 Z∗eq

Ω
U

l
þ 3α

G

1
rc
� 1
2G

� �
� σx

Gþ rp
G2

	 

, ð4:51Þ

where rp ¼ ap ¼ cp is the pore radius (Fig. 4.52). This equation incorporates three
contributions to densification during the SPS due to electromigration _ε em

gbx, surface
tension _ε st

gbx, and external load _ε dl
gbx:

_ε em
gbx ¼ � δgbDgb

kT

Z∗eq

Gþ rp
� �2 Ul ; ð4:52Þ

_ε st
gbx ¼ � δgbDgb

kT

Ω
Gþ rp
� �2 αG 1

rc
� 1
2G

� �
, ð4:53Þ

_ε dl
gbx ¼

δgbDgb

kT

Ω
Gþ rp
� � σx

G2 ð4:54Þ

The derived expressions for the component of the axial strain rate are valid for the
SPS pressing schematics due to the proximity to zero of the equivalent Poisson’s
ratio’s viscous analogy [67].

The total shrinkage rate during the SPS is equal to the superposition of the
shrinkage rate corresponding to the grain-boundary diffusion and power-law creep
mechanisms:

_εx ¼ _εgbx þ _εcrx ¼¼ � δgbDgb

kT

Ω
ðGþ rpÞ2

Z∗eq
Ω

U

l
þ 3α

G

1
rc
� 1
2G

� �
� σx

Gþ rp
G2

	 


� 3θ
2

� �ðmþ1Þ=2
�

3α
2G ð1� θÞ2 � σx

�
=Að1� θÞðm�3Þ=2

	 
1=m

ð4:55Þ
In Eq. (4.55) the power-law creep component is related to the macroscopic

powder volume subjected to SPS (this component depends on porosity). The
macroscopic homogenization of the component corresponding to the grain-boundary
diffusion in a simplified way can be achieved by introducing the following the
dependence of the pore radius on the grain size and porosity [74]:

rp ¼ G
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θ= 6

�
1� θ

� �
3

q
ð4:56Þ
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Equation (4.55) allows the direct comparison of the contributions of different
mechanisms to the SPS shrinkage kinetics. The analysis indicates how the magni-
tude of the contributions of three different factors changes with changing the grain
size. For conventional, micron-sized powders (G ¼ 40 μm), power-law is the
dominant mechanism of material transport. For smaller porosities and ultrafine
powders (G < 1 μm), the electromigration plays the dominant role, while for smaller
porosity in the nanopowder range, sintering stress dominates. The abovementioned
interplay is possible when porosity is lower than 30% (for larger void volume
fractions, power-law creep is always the main mechanism of the material flow).
For porosities lower than 30%, both surface tension (sintering stress) and
electromigration can become the main contributors to shrinkage depending on the
average grain size. Here we should note a possible limitation of this preliminary
model assessment. Since both locally and macroscopically the generation of Joule
heat (and, hence, temperature distribution) cannot be decoupled from the electric
current, parameter U

l should evolve with densification. Therefore, for very small
porosities in the electromigration-dominating zone, the ultimate collapse of voids
may require externally applied load as the primary factor.

The densification kinetics is described by the following equation [77]:

_θ ¼ 1� θð Þ� _ε x þ _ε y

� ¼ 1� θð Þ� _ε x

� ð4:57Þ
The numerical solution of the differential equation is shown in Fig. 4.60 together

with the experimental data obtained by Xie et al. [112]. The temperature and

Fig. 4.60 Evolution of porosity during the SPS of Al powder calculated according to the model
developed by Olevsky and Froyen [77] and measured experimentally by Xie et al. [112]. (Reprinted
from Olevsky and Froyen [77], Copyright (2006) with permission from Elsevier)

152 4 Sintering by Low-Voltage Electric Pulses (Including Spark Plasma. . .



pressure cyclograms used in the calculations replicate the conditions of the experi-
ments. The comparison of the modeling and experimental results indicates their
satisfactory agreement.

Holland et al. [113] conducted experiments on sintering of hydroxyapatite and
zinc oxide nanopowders at high heating rates with the application of a field and in the
absence of field without externally applied pressure. Pressureless sintering in the
absence of a field was performed in a three-zone tube furnace (Fig. 4.61). The sample
pellet was first placed in a graphite crucible that was connected to a long thermo-
couple enabling the temperature measurements and providing a tool, by which the
graphite crucible containing the powder compact was inserted in and removed from
the tube furnace. The heating rate was controlled by varying the rate of insertion of
the crucible into the furnace. Using this arrangement, it is necessary to closely
monitor the heating rate and adjust the crucible insertion depth frequently during
heating. A vacuum level of approximately 20 Pa, which is close to that used in a
typical SPS experiment, was maintained by inserting the thermocouple body through
a sliding O-ring seal and connecting the opposite end of the tube to a vacuum pump.
For comparison, pressureless sintering with an applied, non-contacting, field was
performed using a SPS facility.

While the density of the hydroxyapatite specimens was nearly equal when heated
to 950 �C at 50 �C min�1 or 400 �C min�1 (67–68%), heating at 800 �C min�1

reproducibly yielded a density of 	88% with no hold time in field-assisted tests
(Fig. 4.62). In the field-free test, the application of a heating rate of 800 �C min�1

resulted in the rapid formation of a sintered compact with a relative density about
10% lower compared with that in the field-assisted test. With an applied field, the
400 �C min�1 tests achieved closed porosity in less than 10 min, whereas the
50 �C min�1 tests did not within up to 20 min of holding at the target temperature.
For zinc oxide nanopowders, the slowest and fastest heating rates achieved the same
densities in zinc oxide when the target temperature of 850 �C was reached
(Fig. 4.63). Several possible explanations were suggested to explain the observed
heating rate-dependent behavior in the presence of an applied field: pore
spheroidization and grain growth in the nanometric powders limited due to kinetic

Fig. 4.61 Schematic of the tube furnace used for free sintering at high heating rates in the absence
of field. (Reprinted from Holland et al. [113], Copyright (2012) with permission from Elsevier)

4.9 Modeling of the SPS Processes 153



influences, a time- and field strength-dependent dielectric breakdown behavior, the
rate of space charge layer development as it relates to heating rate, local field
strengths causing current flows to produce local heating, as was suggested by

Fig. 4.62 Relative density of hydroxyapatite sintered in a SPS facility (a) and in a tube furnace in
the absence of field (b) without external pressure at different heating rates. (Reprinted from Holland
et al. [113], Copyright (2012) with permission from Elsevier)
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Cologna et al. [114] regarding “flash sintering,” and a significant increase in the
diffusivity of the rate-controlling ion in the presence of the electric field. Holland
et al. suggested that a synergistic relationship between field and heating rates exists
during the initial stage of sintering at moderate field strengths, consistent with those
encountered during typical FAST/SPS experiments.

Holland et al. [113] came to a conclusion that the heating rate alone does not
provide much specific benefit to densification rates. The athermal benefits to densi-
fication were found to be considerable and heating rate-dependent.

4.9.7 Constitutive Equation of SPS Taking into Account
the Enhanced Dislocation Motion by Local Resistive
Heating

Lee et al. [38] modified the constitutive equation of the continuum theory of
sintering to include the electric current effect term based on the recent results of
the electroplasticity theory [115, 116]. It was assumed that the reduction of the
particle material yield stress by an electric current is a major mechanism of the rapid
densification of conductive powders compacted via an electric current-assisted
consolidation method. When the electric current flows through a powder during

Fig. 4.63 Relative density of zinc oxide sintered in a tube furnace in the absence of field and in a
SPS facility without external pressure at different heating rates. (Reprinted from Holland et al.
[113], Copyright (2012) with permission from Elsevier)
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deformation, the local “hot spots” caused by the greater electron scattering at defects,
such as dislocations, voids, impurities, and grain boundaries, largely enhance the
lattice vibration energy in the defect vicinity. As a result, dislocations can move
more easily along the slip plane bypassing lattice obstacles with smaller resistance.
Therefore, the stress required to move dislocations is reduced. This heating occurs at
the atomic level within the lattice contributing to the total heating of the sample and
expanding the lattice locally [117, 118]. This effect can lead to faster defect motion
under SPS compared with hot-pressing conditions. While HP needs external energy
input that have to heat the entire material to allow for the dislocations to diffuse to a
sink such as grain boundaries, SPS provides a greater amount of energy in a faster
mode and directly to the dislocations.

In Refs. [119, 120], it was shown that the electron wind effect is not sufficient to
affect the dislocation activities. Therefore, it was assumed that the main source of the
reduction of the flow stress by the electric current is from the indirect local vibration
energy from electron scattering, not from the direct momentum transfer to the
dislocation.

Based on the following considerations, a constitutive equation of SPS taking into
account the effect of the electric current effect was developed taking into consider-
ation the enhanced dislocation motion by local resistive heating. The stress for high-
temperature deformation of crystalline materials can be described as a function of
strain rate ( _ε ) and absolute temperature (T ) as expressed by Mukherjee–Bird–Dorn
equation [121]:

σ

G

� �n
¼ _ε kT

ACrDGb

d

b

� �p

ð4:58Þ

where _ε is the steady-state creep rate (1/s), k is the Boltzmann constant (J/K),D is the
diffusion coefficient (cm2/s), G is the shear modulus (MPa), T is the absolute
temperature (K), b is the Burgers vector (m), σ is the applied stress (MPa), Acr is
the material creep constant (unitless), d is the grain size (m), p is the grain size
exponent, and n is the stress exponent (n is equal to 1/m, where m is the strain rate
sensitivity).

The dependence of the diffusion coefficient D on temperature T can be expressed
through

D ¼ D0exp
�Q

RT

� �
ð4:59Þ

whereD0 is the diffusion constant (cm
2/s),Q is the creep activation energy (KJ/mol),

and R is the gas constant.
For a porous material [84], Mukherjee–Bird–Dorn equation can be converted to

the power-law relationship in terms of the strain rate as follows:
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Wm ð4:60Þ

Here, A0 (Pa�s/K) is given by

A0 ¼ k

ACrbD0
ð4:61Þ

where σ(W ) is the effective stress and W is the effective equivalent strain rate of the
porous material.

On the basis of the continuum theory of sintering, the following equation can be
derived to describe hot pressing of a nonlinear viscous porous material in a rigid die
that can be written as [38]

_θ ¼ � G

A0T

b

d

� �p

exp
�Q

RT

� �� �
3θ
2

� �mþ1
2m

1� θð Þm�3
2m

σz
G

� �1
m ð4:62Þ

where _θ is the densification rate (1/s), G is the shear modulus (MPa), d is the grain
size (m), p is the grain size exponent, Q is the creep activation energy (KJ/mol), and
R is the gas constant (J/molK), σz is the Z-axis applied stress (MPa), and A0 is the
material constant (Pa�s/K).

In Eq. (4.62), the function in the square brackets indicating the thermal
deformability of powders during sintering can be defined as follows:

ATD ¼ G

A0T

b

d

� �p

exp
�Q

RT

� �
ð4:63Þ

Total equivalent effective strain rate (W) should be the sum of the strain rate from
thermal and electric current-assisted effect during the SPS process:

W ¼ WThermal þWElectric current assisted ð4:64Þ
Equation (4.64) can be converted with the introduction of AECAD (1/s) which

indicates the electric current-assisted deformability of the powders as follows:

W ¼ ATD þ AECADð Þ σz
G

� �1
m ð4:65Þ

Taking into account that _ε r¼ 0 (uniaxial die compaction boundary condition), the
constitutive equation for SPS can be written as

_θ ¼ � ATD þ AECAD½ 
 3θ
2

� �mþ1
2m

1� θð Þm�3
2m

σz
G

� �1
m ð4:66Þ

The following analysis was used to find AECAD [38]. Local Joule heating can
provide the vibration energy to the dislocation movement [117]. High temperature of
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the locally overheated region may be sufficient to activate additional intrinsic defects
[122]. These generated defects can enhance the mobility of dislocations by
interacting with elastic and electronic fields of the dislocations [123–125]. Moreover,
they can be also the source of the local Joule heating, making the local temperature to
increase again and thereby starting the cascade effects. However, due to the rela-
tively low electric current density under regular SPS conditions and being coupled
with vacancy annihilation by dislocation movement, these cascade effects are limited
compared to flash sintering. Therefore, it was assumed that the energies of the local
Joule heating are the original source for the electric current effects. Joule heating
effects like the defect generation should be accumulated with sintering time during
SPS due to the cascade characteristics. The localized energy provided to the dislo-
cation core due to the Joule heating effect (per dislocation core volume) is given by
[117]

EJ ¼ J2λdΔt ð4:67Þ
where J is electric current density, λd is electrical resistivity of the dislocation core,
and Δt is the time duration when the electric current is applied. Parameter λd was
determined to be around 6–8 times the electric resistance of the defect-free lattice (λ)
[126]. Also, the dislocation movement by Joule heating can be hindered by Peierls–
Nabarro stress (τPN) of each material.

Including the terms that affect the dislocation movement considered above,
AECAD can be written as

AECAD ¼
ðt f
t0

J2λd
τPN

dt

2
4

3
5
ω

ð4:68Þ

where t0 and tf are the starting and final time for SPS and ω is the electric current
sensitivity exponent (material constant).

Current density in a powder sample is affected by the neck area between particles
during the SPS. The neck area changes with porosity evolution. Current density can
be large at the initial stage of sintering (small neck) and reduces with decreasing
porosity (large neck) during sintering. For an irregular packing of the spherical
particles, the neck area evolution with porosity can be estimated as shown by
Helle et al. [127]:

AZ

4πR2 ¼
θ0 � θð Þ 1� θð Þ

θ0
ð4:69Þ

where A is average area of contacts between two particles, Z is coordination number,
R is particle radius, θ0 is initial porosity, and θ is porosity. When R is constant,
AZ/4πR2 value is increased from 0 to 1 when porosity is changed from θ0 to 0. It can
be assumed that the neck area evolution of one particle is proportional to the total
contact area change of the total powder specimen’s volume. Therefore, we consider
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AZ/4πR2 to be the ratio of the total neck area to the total powder surface area.
Overall local electric current density (OLECD) is the summation of the electric
current density of all necks in the powder volume. Using the previous consideration,
JOL (OLECD) of the sample can be calculated as follows:

JOL ¼ Is
Across-section

� 4πR2

AZ
ð4:70Þ

where Across-section is the cross-sectional area of the full density sample.
By including the electric current effect coefficient (β), which involves the rela-

tionships between JOL and actual J in the sample, λd and actual λ, and τPN and G,
Eq. (4.68) can be written as

AECAD ¼ βω
ðt f
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JOL2λ

G
dt

2
4

3
5
ω

ð4:71Þ

Therefore, the constitutive equation for SPS, Eq. (4.66), can be expressed as
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ð4:72Þ
Thus, a constitutive equation of SPS taking into account the effect of electric

current was developed taking into consideration the enhanced dislocations motion
by local resistive heating. The SPS and hot-pressing experiments with a ZrN powder
showed that electric current passing through the sample affects the densification
behavior of this powder [38]. Figure 4.64 shows porosity evolution during the whole
processing cycle for the sintered specimens obtained from the two experiments: SPS
at 1100 �C and HP at 1200 �C. Experimental conditions, including heating rate,

Fig. 4.64 (a) Porosity variation of ZrN powder densified (60 MPa and 10 �C/min) by SPS
(1100 �C) and hot pressing (1200 �C); images of the fractured surface of samples densified by
(b) SPS at 1100 �C and (c) hot pressing at 1200 �C. (Reprinted from Lee et al. [38], Copyright
(2017) with permission from Elsevier)
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applied uniaxial pressure, and atmosphere, as well as the amounts of powder utilized
per specimen, were maintained the same. For the SPS, the actual ZrN temperature
inside of the die at the holding stage was 1225 �C, which was 25 �C higher compared
with the hot-pressing experiment (see Sect. 4.4). SPS showed faster densification
(Fig. 4.64a) and a more consolidated structure compared with hot pressing
(Fig. 4.64b–c). It is clear that the 25 �C temperature difference is not sufficient to
explain the final density difference of 12.30% between compacts obtained by SPS
and hot pressing. Therefore, the electric current flowing into the ZrN powder during
SPS can be a possible factor contributing to the porosity evolution. The observed
differences between the behavior of samples obtained by SPS and hot pressing can
be related to the effect of electric current on the dislocation motion (electroplasticity
phenomena).

When fitting Eq. (4.62) into the experimental porosity evolution data from hot
pressing and SPS, if the m value for SPS is not the same as for hot pressing, then the
densification mechanism is affected by electric current. HP results showed
m ¼ 0.23–0.24 and Q ¼ 114.25–220.73 kJ/mol, and SPS rendered m ¼ 0.33–0.36
and Q ¼ 109.2–207.04 kJ/mol. The obtained m and Q in the hot-pressing experi-
ments indicate that ZrN consolidation is based on the dislocation climb-controlled
creep mechanism. The values of m and Q for SPS show that the densification
mechanism is close to the glide-controlled creep (m ¼ 0.33). The electric current
effect, such as localized heating at defects, and defect generation may facilitate the
diffusion of barriers encountered by a mobile dislocation. Also, a mobile dislocation
that obtains energy from local Joule heating or an elastic field effect from vacancies
generated by an electric current can overcome obstacles more easily. Vacancy
formation by local Joule heating can promote the dislocation climb, and the overall
rate-limiting step of ZrN powder deformation during SPS can be changed from the
dislocation climb-controlled to the glide-controlled mechanism.

Alternatively, it can be assumed that the creep parameters are the same for both
hot pressing and SPS. It was found that the electric current term in Eq. (4.72) can fit
the experimentally observed porosity evolution corresponding to the SPS results. So,
the constitutive equation for SPS equation showed a possibility of the facilitation of
the dislocation movement by an intrinsic current effect other than a change of the
densification mechanism. This equation for SPS can be applied to study densification
mechanisms for electrically conductive materials in field-assisted sintering
processes.

4.10 Selected Examples of Processes and Materials
Developed Using SPS

In this section, processing methods developed using SPS equipment (other than
regular consolidation of powders into shapes corresponding to the shapes of the die
cavities) will be discussed to emphasize the scientific and technological potential of
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combinations of SPS with other techniques and approaches. Examples of successful
fabrication of dense materials with improved properties by SPS will be provided.
Approaches used to obtain porous materials using SPS will also be presented, as this
area is rapidly growing. The list of examples given in this section is not claimed to
fully cover the activities in the corresponding areas of functional materials. How-
ever, they were selected to highlight new directions and promising ideas in the
current SPS research from the viewpoint of obtaining materials with unusual micro-
structures, architectures, and phase compositions. For broad, systematic, and ency-
clopedic overview of materials processed by SPS, the reader is directed to an
excellent review by Orrù et al. [26]. Metallic materials and metal matrix composites
obtained by SPS have been reviewed by Saheb et al. [128].

4.10.1 Processing and Testing Methods Developed Using SPS
Equipment

Hulbert et al. [129] and Jiang et al. [130] used SPS for simultaneous sintering and
forming of ceramics. Two strategies were employed to make the shaped parts. The
first one was a traditional approach to shape a pre-sintered material (bulk forming)
[129]. According to the displacement curve recorded during SPS, forming of the
pre-sintered Al2O3–ZrO2–MgAl2O4 blank occurred at a deformation rate of approx-
imately 10�2 s�1. The forming temperature was 1150 �C; the sample was held at this
temperature for 3 min. Such forming conditions are commercially attractive and
incur low electrical energy costs. The aligned structure in the shear regions of the
formed part indicated that boundary sliding occurred in groups of grains. The second
approach started from a ceramic material in the powder form and combined sintering
and forming in a single step in a SPS run with the same maximum temperatures and
dwell time at the maximum temperature [130]. Figure 4.65 shows general views and
a cross-section of the Al2O3–ZrO2–MgAl2O4 composite ceramics after powder
forming. While significant grain growth was observed in the bulk formed Al2O3–

Fig. 4.65 Al2O3–ZrO2–MgAl2O4 composite ceramics after powder forming: (a) side view, (b) top
view, (c) cross-sectional view. (Reprinted from Jiang et al. [130], Copyright (2006) with permission
from Elsevier)
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ZrO2–MgAl2O4 composite relative to the pre-sintered state, the powder formed
composite remained fine-grained (Fig. 4.66). This difference in the grain size can
be explained by a shorter exposure to high temperatures of the powder formed
sample relative to the bulk formed sample, as the latter was first sintered and then
shaped in two separate processes.

An interesting direction in the utilization of SPS facilities is conducting electric
field-assisted sinter-forging [131–133]. Zhan et al. [131] conducted sinter-forging in
a SPS apparatus to produce nanostructured 50vol.%Al2O3–50vol.%MgAl2O4 com-
posite with a high infrared transmittance. A piece of the porous compact (1/4) was
placed in the same die that was used for its pre-consolidation, and the sinter-forging
experiments were carried out. It was found that starting with a porous
(pre-consolidated) specimen and conducting sinter-forging in the SPS chamber,
materials with a finer grain size could be obtained compared with materials produced
at the same temperature without deformation (in a classic SPS assembly). Wei et al.
[133] conducted both experimental and theoretical studies of the densification
kinetics during SPS-forging. The theoretical studies were based on the continuum
theory of sintering. Using pre-consolidated porous zirconium carbide (ZrC) as an
example, the authors found that the loading mode plays an important role in the
densification efficiency of porous ZrC during SPS. The differences in the geometry
of the regular SPS and SPS-forging assemblies and corresponding densification
kinetics can be seen in Figs. 4.67 and 4.68, respectively. The SPS-forging design
isolated the specimen’s lateral surface from the die wall and allowed displacements
along both axial and radial directions. The axial load on the specimen was gradually
increased to accommodate the change in the cross-sectional area of the specimen
during SPS-forging. The SPS-forging-processed specimens showed a higher final
relative density at the end of the process. Consequently, compared with regular SPS,
SPS-forging was able to enhance densification during later sintering stages more
significantly. The developed analytical models were able to distinguish the effects of
loading modes on the densification behavior of ZrC. The porosity difference
between the numerical solutions was found to be smaller than that between the

Fig. 4.66 Microstructure of Al2O3–ZrO2–MgAl2O4 composite ceramics produced by powder
forming (a) and bulk forming (b), A–Al2O3 grains, Z–ZrO2 grains, S-spinel grains. (Reprinted
from Jiang et al. [130], Copyright (2006) with permission from Elsevier)

162 4 Sintering by Low-Voltage Electric Pulses (Including Spark Plasma. . .



experimental sets, which can be attributed to the fact that SPS-forging experiments
were influenced by friction at the contact surfaces, while the analytical equations
were derived assuming ideal contact sliding conditions. Using results of this study,
SPS-forging and regular SPS modes were successfully combined to form a new SPS
hybrid loading scheme, in which SPS-forging was followed by regular SPS in order
to reduce shape irregularity in the specimens forged during the SPS. In the hybrid
SPS experiment, the pre-sintered cylinder was first to reach the die wall through the
forging process so that the specimen could follow the die wall in the next step. In the

Fig. 4.67 Schematic of SPS-forging (a) and regular SPS (b) setups. (Reprinted from Wei et al.
[133], Copyright (2017) by permission of Taylor & Francis Ltd., www.tandfonline.com)

Fig. 4.68 Densification kinetics of ZrC during SPS-forging and regular SPS at 1700 �C and
60 MPa. (Reprinted from Wei et al. [133], Copyright (2017) by permission of Taylor & Francis
Ltd., www.tandfonline.com)
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hybrid loading mode, it became possible to manage the structure and densification
intensity of the specimens.

Ratzker et al. [134, 135] suggested using SPS facilities as tools in compressive
creep studies. Figure 4.69 shows a tooling configuration designed for creep tests.
When the behavior of fine-grained alumina was studied, the measured creep rates,
stress exponent, and apparent activation energy were in a good agreement with the
data previously reported for this material. The creep parameters together with
microstructural investigations suggested that SPS apparatus can be employed as
accurate high-temperature creep testing systems. In order to correctly use SPS for
creep studies of other materials, it is important to know whether the applied field
strength and the composition of the atmosphere of the SPS chamber influence the
creep behavior of the tested material.

The challenge of sintering complex shapes by the SPS technique was tackled by
Manière et al. [136]. It was shown that parts with complex shapes and large thickness
differences between the elements can be sintered to full density using a sacrificial
material approach. The sintered material had a homogeneous microstructure. The
presence of a sacrificial part homogenizes the shrinkage distance in all areas of the
part. The sacrificial element can be made from the same material as the main part or
from other materials. This approach is restrained to shapes with a limited number of

Fig. 4.69 Tooling configuration for creep tests to be conducted with the help of SPS facilities.
(Reprinted from Ratzker et al. [135], Copyright (2017) with permission from Elsevier)
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thickness differences. For shapes with a continuous variation or a large number of
different thicknesses, the sacrificial material should be highly segmented, and the
described method becomes difficult to perform.

Another approach suggested by Manière et al. [137] for the fabrication of parts of
complex shapes by SPS is based on the assemblies that include interfaces that
change their shape. The method of deformed interfaces consists of assembling a
minimum of two porous areas separated by interfaces. The role of the interface is to
maintain a physical and chemical separation between the two porous bodies during
their densification and to allow the post-sintering separation of the parts (Fig. 4.70).
The separation interface was made by either the imprint method or using graphite
foil. In the imprint method, a boron nitride (BN) coating was used to enable the post-
sintering separation process. The graphite foil approach is close to the imprint
approach. The difference between these approaches is in the fact that the powder
is filled on both sides of the graphite foil interface. The graphite foil is folded to
acquire a stretched shape of the sample before the powder-filling step. The graphite
foil can be rendered into a desired shape by cold folding or forming processes.

A new route to materials with a designed architecture was proposed by Martin
et al. [138], who used a combination of Electron Beam Melting (EBM) and SPS to
generate an architectured Ti–Ti composite (Fig. 4.71). A lattice structure was first
fabricated by EBM from a titanium powder. Then the space between the struts was
filled with a Ti powder, and the assembly was subjected to SPS. The consolidated
material consisted of lattice elements, whose microstructure was predetermined by
the EBM conditions, and the matrix, which formed during the SPS step. The choice
of SPS was dictated by a possibility of preserving the microstructure of the material
obtained by EBM (Fig. 4.72). In view of rapid development of 3D manufacturing
technologies, this study introduces an interesting research direction, which may
further widen the application areas of materials containing 3D elements. In the
combination of a 3D manufacturing technology with SPS, new possibilities can be
found of producing materials with microstructure and properties tailored at different
length scales. While the 3D manufacturing technology is responsible for the special
arrangement of the struts and the formation of their microstructure, SPS makes it
possible to embed such a 3D structure into a matrix and densifies the matrix while
preserving the microstructure of the struts. Also, the struts and the matrix can be

Fig. 4.70 SPS of parts with complex shapes using the deformed interfaces approach. (Reprinted
from Manière et al. [137], Copyright (2017) with permission from Elsevier)
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selected to have different chemical and phase compositions. In such cases, the
differences in the properties of the two materials should be thoroughly analyzed to
avoid situations, in which the presence of the lattice will hinder the densification of
the matrix.

Fig. 4.71 Processing route of Ti–Ti materials with an architecture microstructure. (Reprinted from
Martin et al. [138], Copyright (2016) with permission from Elsevier)

Fig. 4.72 Microstructure of Ti alloy struts in the as-obtained 3D lattice (a) and lattice as part of the
architectured composite sintered by SPS (b). (Reprinted from Martin et al. [138], Copyright (2016)
with permission from Elsevier)
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4.10.2 Joining of Materials by SPS

The uniaxial pressure and pulsed DC supplied by the SPS facilities can be used for
joining of macro-objects [139–142]. Intermediate layers (fillers) in the form of a
powder or a foil were suggested. A steel powder layer placed between steel cylinders
was used to join them together by passing an electric current through the assembly
[139]. The powder layer was a region of a higher resistance in the assembly and,
therefore, was heated more intensely than the cylinders, acting as an effective
heating source (Fig. 4.73). The amount of powder was such that no die was
necessary for the intermediate layer confinement. By adjusting the electric current
and the heating time, joints with a high mechanical strength were obtained. An
example of the joint made by the SPS is shown in Fig. 4.74. As the resistance of the
powder layer depends on the particle size, particles with a smaller size produced
joints of a higher strength. It was possible to reduce the size of the heat-affected zone
by conducting joining within several seconds.

The composition of the filler is of great importance for the outcome of the joining
process. Dong et al. [142] compared the behavior of intermediate layers of different
compositions in the process of joining of SiC parts by SPS. The maximum room
temperature flexural strength of the samples was 66 MPa and 133 MPa for the
Ti3SiC2 filler and 3Ti–1.2Si–2C–0.2Al powder mixture filler, respectively. The
good sinterability of the 3Ti–1.2Si–2C–0.2Al powder mixture and chemical reac-
tions between the filler components and SiC resulted in the formation of a joint with
a higher flexural strength as compared with that of the joint formed with Ti3SiC2 as a
filler.

Fig. 4.73 Schematic of the
SPS setup used for the
joining of rods: 1, electrode;
2, graphite spacer; 3, copper
spacer; 4, 316 L stainless
steel rod; 5, 316 L stainless
steel powder. (Reprinted
from Yang et al. [139],
Copyright (2013) with
permission from Elsevier)
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SPS facilities can also be used for annealing of powder and compact samples
without the application of pressure [143–145]. It was shown that for short times of
annealing, the phase and microstructure changes of the sample depend on the
geometric features of its position in the graphite die [145]. Structures with gradients
in the microstructure and phase composition (in the case of reactive systems) can be
obtained when the sample is heated from the bottom as a result of contacting the
lower punch and not contacting any punch from above. In such cases, the gradients
will disappear with the time of annealing, so the annealing or synthesis time can be a
process control parameter.

4.10.3 Surface Engineering by SPS

Consolidation of a powder layer by EDS with a simultaneous joining of the layer to a
monolithic piece was used as early as the 1970s by Rymorov et al. [146]. This
method was suggested as efficient surface strengthening, as exemplified in Fig. 4.75
showing the engineered surfaces on toothed rack of a rotary excavator.

The same method was used to produce porous surface layers on heat-dissipating
elements [4]. Sintering-based welding was shown to be a promising method to butt-
weld steel sheets [147] and to join porous parts by means of a porous connecting
layer [4]. During EDS, infiltration of the molten metal into the porous materials of
the electrode can be induced [148]. This happens when Joule heating is sufficient to
partially melt the metal powder. The pressure transferred to the powder compact by
the electrode itself squeezes the melt out of the compact so that it penetrates into the
pores of the electrode open to the surface. This effect offers an interesting possibility
to join materials together. Such joints can be expected to be strong establishing high

Fig. 4.74 Microstructure of
the joint between the steel
rods obtained by SPS using
an intermediate powder
layer. (Reprinted from Yang
et al. [139], Copyright
(2013) with permission from
Elsevier)
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adhesion of the compact to the electrode, which may exceed the cohesion strength of
the electrode material.

More deposition flexibility is anticipated from the use of SPS facilities for the
coating deposition purposes. Describing the advantages of the SPS method as a
coating deposition process, Mulukutla et al. [149] outlined the limitations of the
previously known deposition techniques for coatings of metastable structure, includ-
ing amorphous coatings, due to undesirable crystallization, phase transformations,
chemical reactions, and grain growth induced at high deposition temperatures. Three
approaches to multiscale surface engineering by SPS were outlined in Ref. [149]
(Fig. 4.76). In the first approach, the powder, from which the coating is formed, is
loaded above the substrate disk. In the second approach, the coating layer and the
substrate disk are sintered in the SPS separately and then joined together in another
sintering process. The third approach uses powders as initial materials for both the
substrate and the coating, which both form in a single SPS run, and bonding between
them is also established. A possibility of preserving an amorphous phase in the
coating manufactured by SPS has been demonstrated; however, as could have been
expected, such process is very sensitive to temperature. As is seen in Fig. 4.77, a
Fe-based amorphous phase is present in the coating processed at 575 �C, but at
590 �C, it crystallizes. An increased intensity of the Al peaks in the XRD patterns of
the samples processed at a higher temperature indicates penetration of the substrate
material into the coating, which has also been confirmed by scanning electron
microscopy (SEM) studies of the substrate/coating interface.

4.10.4 Dense Materials with Improved Properties Obtained
by SPS

To date, a wide variety of structural and functional materials have been processed by
SPS. Several examples will be briefly discussed below. Successes of SPS include,
but are not limited to, the production of bulk amorphous materials from powders

Fig. 4.75 Reinforced surfaces on toothed rack of a rotary excavator. (Reprinted from Rymorov and
Dyn'kin [146], Copyright (1974) with permission of Springer)
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[150], metallic glass-reinforced metal matrix composites [151], fracture tough
ceramics [152–155], ultra-high-temperature ceramic materials [156, 157], transpar-
ent ceramics [158–161], thermoelectric materials [162, 163], and diamond-based
composites [164].

SPS was shown to be capable of sintering tantalum carbide TaC up to a relative
density of 97% within 10 min of holding at 2400 �C [156]. Reaching full density was
accompanied by a certain degree of grain growth: while the grain size of the 68%-
dense compact sintered at 1900 �C and 30 MPa was 330 nm, that of the 97%-dense
compact sintered at 2400 �C and 75 MPa was 9 μm (Fig. 4.78). Considering a very
high melting point of TaC (3880 �C), the results of SPS are indicative of the
suitability of this technique for the preparation of nearly fully dense ultra-high-
temperature ceramics with a relatively small grain size.

The SPS-forging approach was shown to be promising not only for enhancing
densification but also for tailoring the functional properties of materials. Noudem

Fig. 4.76 Three possible approaches of multi-scale surface engineering by SPS: (a) the powder
forming the coating is loaded above the substrate disk, (b) the coating layer and the substrate disk
are sintered in the SPS separately and then joined together in another sintering process, (c) the
substrate and the coating form simultaneously in a single SPS run. (Reprinted from Mulukutla et al.
[149], Copyright (2010) with permission of Springer)
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et al. [162] obtained an anisotropic Ca3Co4O9 thermoelectric material in this manner
and called the process edge-free spark plasma texturing (SPT), as the
pre-consolidated specimen had a diameter smaller than that of the die and the
processing resulted in the formation of a strong texture. Microstructures of the
Ca3Co4O9 materials consolidated by conventional sintering, SPS in a regular assem-
bly, and SPT show significant differences (Fig. 4.79a–c). The temperature depen-
dences of the electrical resistivity and the power factor of the Ca3Co4O9 materials
consolidated by conventional sintering, SPS in a regular assembly, and SPT are

Fig. 4.77 XRD patterns of the coatings produced by SPS from an amorphous Fe-based alloy on an
Al substrate. (Reprinted fromMulukutla et al. [149], Copyright (2010) with permission of Springer)

Fig. 4.78 Fracture surface
of 97%-dense TaC obtained
by SPS at 2400 �C.
(Reprinted from Khaleghi
et al. [156], Copyright
(2010) with permission of
Elsevier)
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given in Fig. 4.80. The measurements were conducted on the bars cut from the
sintered specimens in the direction normal to the pressing axis. The lowest resistivity
values were observed for the SPT material, which correlates with its microstructural
features (Fig. 4.79c): platelike morphology of the grains, a reduction in the grain-
boundary densities in the plane normal to the pressing direction, and a stronger
texture. At 550 �C, the maximum power factor reached by the SPT material is 30%

Fig. 4.79 Microstructure of
the Ca3Co4O9 materials
consolidated by
conventional sintering (a),
SPS in a regular assembly
(b) and SPT (c). (Reprinted
from Noudem et al. [162],
Copyright (2011) with
permission from Elsevier)
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higher than the corresponding value for the SPS-processed material and eight times
greater than that for the Ca3Co4O9 material processed by conventional sintering
(Fig. 4.80).

SPS was successfully used for the production of metallic glass-reinforced metal
matrix composites – an emerging class of composites [165]. As is demonstrated in
Chap. 8, consolidation of such composites requires moderate temperatures. Wang
et al. [151] consolidated 15vol.%Zr65Cu18Ni7Al10–Al7075 composites by SPS. The
Zr65Cu18Ni7Al10 particles and fibers of amorphous structure were distributed in a
matrix of the Al7075 alloy using mechanical milling. SPS of this powder mixture at
300 �C for 10 min resulted in the formation of fully dense compacts (Fig. 4.81). In
order to achieve densification at such a low temperature, a pressure as high as
600 MPa was used during the whole sintering cycle. Due to a moderate temperature
and a short sintering time, the reinforcements retained their amorphous structure, as
was confirmed by the XRD (Fig. 4.82) and TEM (Fig. 4.83) analyses. The metallic
glass fibers and particles were distributed homogeneously in the matrix and had good
bonding with the Al7075 alloy matrix. The 15vol.%Zr65Cu18Ni7Al10–Al7075 com-
posites exhibited a significant increase in the yield strength: from 168 MPa for
Al7075 alloy to 366 MPa for the composite (Fig. 4.84). At the same time, the
composites showed about 25% of plastic strain before fracture. Overall, the

Fig. 4.80 Electrical resistivity and power factor of the Ca3Co4O9 materials consolidated by
conventional sintering, SPS in a regular assembly, and SPT vs. temperature. (Reprinted from
Noudem et al. [162], Copyright (2011) with permission from Elsevier)
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introduction of metallic glass fiber reinforcements in Al-based matrices by means of
ball milling and SPS significantly increase the mechanical strength of the composites
through several strengthening mechanisms.

Fig. 4.81 Microstructure of
the spark plasma sintered
15vol.%Zr65Cu18Ni7Al10–
Al7075 composite.
(Reprinted from Wang et al.
[151], Copyright (2016),
Rights managed by Nature
Publishing Group. This
work is licensed under a
Creative Commons
Attribution License, http://
creativecommons.org/
licenses/by/4.0/)

Fig. 4.82 X-ray diffraction patterns of the Al7075 alloy powder, mechanically milled powder
15vol.%Zr65Cu18Ni7Al10–Al7075, the spark plasma sintered 15vol.%Zr65Cu18Ni7Al10–Al7075
composite, and sintered Al7075 alloy without glassy reinforcements. (Reprinted from Wang et al.
[151], Copyright (2016), Rights managed by Nature Publishing Group. This work is licensed under
a Creative Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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Fig. 4.83 Bright-field TEM image of the 15vol.%Zr65Cu18Ni7Al10–Al7075 sintered composite
(a), high-resolution TEM image of the interface between the metallic glass and the fcc-Al matrix
(b). (Reprinted from Wang et al. [151], Copyright (2016), Rights managed by Nature Publishing
Group. This work is licensed under a Creative Commons Attribution License, http://
creativecommons.org/licenses/by/4.0/)

Fig. 4.84 Mechanical properties of the spark plasma sintered 15vol.%Zr65Cu18Ni7Al10–Al7075
composite and the Al7075 alloy without glassy reinforcements. (Reprinted from Wang et al. [151],
Copyright (2016), Rights managed by Nature Publishing Group. This work is licensed under a
Creative Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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4.10.5 Porous Materials by SPS

In powder metallurgy-based manufacturing of porous metals, the main challenge of
making a consolidated porous body is establishing bonding between the powder
particles while maintaining high levels of porosity. The number of studies on the
preparation of porous metals by SPS is much smaller than the number of studies
aimed at dense materials. As SPS is capable of producing dense multiphase mate-
rials, then a route to a porous material will be a selective removal of one of them to
create pores and form a porous structure out of the other. The main porosity-creating
processes in the initially dense materials are dealloying and phase separation; the
former is the removal of an element from a phase, while the latter is the removal of
grains or particles of a phase, leaving behind the other one, both initially comprising
a composite. The removal of a template does not bring about shrinkage, and, for this
reason, the particles and compacts are not prone to the crack formation rather typical
of dealloying, in which shrinkage often accompanies the reorganization of the
crystalline lattice. The in situ porosity forms when pressureless SPS is used, the
architecture of the porous skeleton depending strongly on the sintering temperature.
The ex situ porosity is generated by post-sintering selective dissolution treatment of
a dense two-phase nanocomposite. In both cases, consolidation by SPS plays a key
role, ensuring the connectivity of the particles in the skeleton during the in situ
generation of the porosity and densification of the nanocomposite itself without
losing its fine-grained structure, which is crucial for the generation of nanoporosity
ex situ through selective dissolution.

Hakamada et al. [166] proposed making porous aluminum using the spacer
method with particles of NaCl added to the Al powder and removed after sintering.
However, their approach was utilized for making large pores (850–1000 μm), the
size of which was controlled by the size of the spacer particles. Another kind of
porosity formed in the walls of the porous structure between sintered only to a
certain extent Al particles, but was not the target kind of porosity and was purpose-
fully removed.

The feasibility of using a two-phase composite with an interpenetrating structure
sintered by SPS as a precursor for porous bodies was demonstrated on TiB2–Cu
metal–ceramic composites, which were electrochemically etched to selectively
remove copper and form a nanograined titanium diboride skeleton (Fig. 4.85)
[167–170]. The processing excluded infiltration operations and thus eliminated the
problem of closed pores and low wettability between the ceramic and metal phases in
the composite.

Bokhonov and Dudina [171] demonstrated a possibility of forming porous metals
with pores 50–200 nm in size by selective dissolution treatment of nanostructured
compacts consolidated from mechanically milled metallic powders by SPS. In this
way, a preparation method of nanoporous silver by phase separation in
nanocomposite mixtures of Ag–Fe and Ag–Ni metals, which are immiscible in
both solid and liquid states, was suggested. Consolidation and sintering of agglom-
erated powders produced by mechanical milling into dense compacts present serious
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challenges. Particles forming agglomerates do not have as much flexibility of
rearrangement during compaction as non-agglomerated particles. When agglomer-
ates are nevertheless to be sintered, special measures are required to eliminate inter-
and intra-agglomerate porosity. The agglomerates of mechanically milled Ag–Fe
and Ag–Ni alloys were dense, so it was only the inter-agglomerate pores that needed
to be removed. Few microstructure changes in the interior regions of the Ag–Fe and
Ag–Ni agglomerates could be expected as the duration of the temperature exposure
during the chosen SPS cycle was very short. However, a feature typical of pulsed
current sintering and of SPS in particular is a local temperature rise at the inter-
particle contacts during the passage of current in the beginning of sintering of large
particles. In the case of sintering of powder agglomerates, this SPS feature can solve
the problem of inter-agglomerate porosity and ensure more efficient bonding
between the particles. As can be concluded from a characteristic microstructure of
the Ag–Fe compact (Fig. 4.86a), higher local temperatures at the agglomerate
contacts caused melting of silver, and a slight redistribution of the phases was
indicated by the presence of silver streaks, the distances between which were
comparable to the size of the powder agglomerates. The presence of these silver
layers exerts only a minor influence on the bulk nanoporous structure produced from
the sintered compact by the phase separation, as the volume fraction of silver
experiencing melting and solidification is limited to a few percent as was estimated
from the SEM images. Selective dissolution of iron from the compact resulted in the
formation of nanoporous silver with pore and ligament sizes ranging from 100 to
200 nm (Fig. 4.86b). The importance of using SPS rather than conventional sintering
is clearly demonstrated by the microstructural features of the Ag–Fe composites
annealed in hydrogen at 600 �C (Fig. 4.87). The redistribution of phases and silver
coalescence and growth into crystals several microns in size are unavoidable in
conventional heat treatment processes. When single-phase Ag nanopowders are
sintered by SPS, it is very challenging to keep their grain size unaltered [172]:
SPS at 300 �C for 5 min gives a 98%-dense compact, but densification is accompa-
nied by grain growth from 70 nm in the powder up to 300 nm in the bulk. After the

Fig. 4.85 A porous
titanium diboride-rich layer
formed after removal of
copper from the spark
plasma sintered TiB2–Cu
composite through
electrochemical etching.
(Reprinted from Kim et al.
[169], Copyright (2006)
with permission from
Elsevier)
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Fig. 4.86 Cross-sectional
view of the spark plasma
sintered Ag–Fe compact (a)
and nanoporous silver
obtained through phase
separation by selective
dissolution of iron in HCl
solution (b). (Reprinted
from Bokhonov and Dudina
[171], Copyright (2013))

Fig. 4.87 Microstructure of
the Ag–Fe composites
mechanically milled for
60 min and annealed in
hydrogen at 600 �C for 1 h.
Microstructure evolution of
the nanocomposites upon
annealing leads to phase
redistribution and extensive
coalescence and growth of
silver. (Reprinted from
Bokhonov and Dudina
[171], Copyright (2013)
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SPS at 600 �C, even larger grains are observed (up to 700 nm). In Ref. [171], Ag–Fe
and Ag–Ni alloys were consolidated by SPS into compacts retaining silver
nanograins and showing only limited phase redistribution caused by melting. There-
fore, selective dissolution performed on these compacts can be used to produce
porous silver bodies of selected geometry.

Similarly, porous graphitic materials can be obtained by combining SPS and
selective dissolution [173–176]. SPS of powder mixtures containing amorphous
carbon and metals – graphitization catalysts (nickel or iron) – was conducted to
obtain the precursors of porous carbon materials. Sintered compacts were further
immersed in HCl solution for dissolving the metals. In the case of nickel catalyst, no
carbide phase was found in the compacts, and metallic nickel could be fully
dissolved so that porous graphitic materials could be obtained. In the case of iron
catalyst, the formation of the Fe3C phase made the graphitization process more
complicated [176]. In addition, Fe3C remained in the compacts after HCl treatment.
After the SPS, carbon remained poorly graphitized. Graphitization was enhanced
when Fe-containing compacts were annealed after SPS.

Using nickel–carbon (Ni–Cam) mixtures, it was shown that it is possible to control
the structure of porous graphitic materials by altering the structure of the initial
powder mixture (and, hence, that of the sintered nickel–carbon composite
(Fig. 4.88)) [174]. The porous graphitic material obtained from the mechanically
milled nickel–carbon mixture had a more uniform structure than the porous material
obtained from powders prepared by simple mixing (Fig. 4.89). The graphitization
degree was higher in the compact sintered from the mechanically milled mixture as
compared with that sintered from a mixture prepared in a mortar (Fig. 4.90).

Carbonyl iron, a powder of spherical morphology, is a convenient system to trace
the morphological feature of the formation of porous compacts during SPS. A study
of the formation porous iron during pressureless SPS showed that by varying the
sintering temperature, different architectures of the iron skeleton can be obtained
(Fig. 4.91) [177].

Fig. 4.88 Fracture surface of the compacts obtained by SPS of the mechanically milled (a) and
mixed (b) Ni–Cam powders at 1000 �C. (Reprinted from Bokhonov et al. [174], Copyright (2014)
with permission from Elsevier)
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Consolidation of nanodiamonds by SPS can be used for developing porous
electrically conductive materials with tailored specific surface area [178]. The com-
pact formation was accompanied by graphitization, as nanodiamond particles grad-
ually transform into carbon onion structures upon annealing (Fig. 4.92). Robust
defect-free compacts with different degrees of graphitization were obtained by SPS
(Fig. 4.93). Despite consolidation that occurred in parallel to graphitization, an
increase in the specific surface area (up to 480 m2�g�1) relative to the nanodiamond

Fig. 4.89 Fracture surface of porous graphitic material obtained by selective dissolution of nickel
from the compacts sintered by SPS from the mechanically milled (a) and mixed (b) Ni–Cam

powders. (Reprinted from Bokhonov et al. [174], Copyright (2014) with permission from Elsevier)

Fig. 4.90 XRD patterns of the compacts obtained by SPS at 1000 �C from mixed and mechanically
milled Ni–Cam powders. (Reprinted from Bokhonov et al. [174], Copyright (2014) with permission
from Elsevier)
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powder (360 m2�g�1) was observed in compacts sintered at 1200 �C. The electrical
conductivity of these compacts was an order of magnitude higher than that of the
samples obtained by filling the annealed powder into a glass tube [179]. As graphite
shells on the surface of nanodiamond particles grew upon heating, a conductive
phase was created in situ during the process. Sintering between particles of partially
graphitized nanodiamonds presents an opportunity to increase the electrical conduc-
tivity of the material by establishing and improving the inter-particle contacts.

Fig. 4.91 Porous iron obtained by pressureless SPS from a carbonyl iron powder (fracture surface
of the sintered compacts): (a) SPS temperature 600 �C, (b) SPS temperature 1000 �C

Fig. 4.92 TEM images of the nanodiamond powder (a) and a piece of the compact obtained by
SPS at 1200 �C (b). (Reprinted from Ukhina et al. [178], Copyright (2015) with permission from
Elsevier)
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4.11 Summary

Low-voltage electric pulse sintering is usually associated with the most frequently
used mode of this type of processing known as spark plasma sintering (SPS). SPS is
an emerging powder consolidation technique, which provides significant advantages
to the processing of materials into configurations unattainable under conventional
powder pressing or sintering. SPS consists essentially of conjoint application of fast
heating rates, high axial pressure, and field (electric current-based)-assisted
sintering. SPS gains particular prominence in connection with its exceptional poten-
tial of rapid and ultra-rapid processing of very hard-to-deform materials, which
would typically require lengthy consolidation times at significantly elevated tem-
peratures under conditions of conventional powder pressing or sintering.

In terms of the fundamental analysis, a number of important questions are still
open and are being actively researched. Those include the contributions of thermal
and nonthermal phenomena to mass transport under SPS processing conditions.
Despite some progress achieved in recent years in this area, still the role of
SPS-specific factors in the processing outcomes distinguishing SPS from conven-
tional techniques of powder materials processing, such as hot pressing and tradi-
tional sintering, is not completely clear. For SPS, the influence of multiple
phenomena of transient nature is significant. Therefore, SPS, similarly to other
field-assisted sintering techniques, heavily relies on the efficient control of
non-equilibrium processes.

Fig. 4.93 Fracture surface of the compact obtained by SPS of the nanodiamond powder at 1200 �C.
(Reprinted from Ukhina et al. [178], Copyright (2015) with permission from Elsevier)
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In terms of practical applications, net-shape capability and scalability of SPS are
the areas for intensive research and improvement. The important current studies
include SPS-based joining of materials, SPS surface engineering, and fabrication of
porous materials using SPS.
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Chapter 5
Flash Sintering

5.1 Principle of Flash Sintering

In the past few years, flash sintering has attracted significant attention as a field-
assisted phenomenon and a promising technological process [1]. The fundamental
aspect of flash sintering that makes it interesting for the sintering science is a unique
mechanism of the influence of electric field on densification. The important applied
aspects of flash sintering include energy saving and dramatic shortening of the
processing times in the technological processes of sintering. In the originally pro-
posed format, flash sintering is based on the application of an electrical potential to
the powder compact heated in a furnace [2–4]. Flash sintering has gained its name
due to an extremely short densification process (a few seconds). Cologna et al. [2]
reported sintering of yttria-stabilized zirconia at 850 �C within less than 5 s. This
term was previously used to refer to sintering processes conducted within several
minutes [5]. A DC or AC potential is applied when the sample reaches a certain
temperature through furnace heating. The characteristic field strength and power
dissipation values in flash sintering are 100–100 V�cm�1 and 10–1000 W�cm�3,
respectively. Flash sintering has been demonstrated for oxide ceramic materials with
ionic [6–9] and electronic conductivities [10, 11] as well as for non-oxide ceramics
[12–17]. An Al alloy was reported to show a flash sintering behavior when a porous
compact obtained by cold isostatic pressing was heated in a furnace, while copper
electrodes carried a DC current to the sample [18]. In this case, the presence of oxide
layers on the powder particles played a crucial role.

A schematic of the flash sintering setup is shown in Fig. 5.1. As was originally
designed, flash sintering is conducted in a vertical furnace, in which a dog-bone
specimen is placed in contact with platinum electrodes.

Flash sintering is accompanied by a sudden increase in the conductivity of the
sintered material. It is currently agreed that the temperature (overheating) instability
plays a crucial role in the development of the flash sintering. The sintering rate
depends on the applied electric field; after certain field strength, the sintering process
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becomes unstable [2]. As the composition of the atmosphere can influence the
conductivity of oxide materials, it can also influence the flash sintering behavior of
these materials. Indeed, Zhang & Luo [19] observed a strong dependence of the
onset flash sintering temperature of ZnO on the sintering atmosphere. At 300 V�cm�1,
the onset flash sintering temperature of ZnO was 631 �C when sintering was con-
ducted in oxygen, 599 �C in air, 237 �C in argon, and 186 �C in Ar + 5 mol.%H2

(Fig.5.2a). Different onset flash sintering temperatures were explained by the depen-
dence of the electrical conductivity of ZnO on the composition of the gaseous
atmosphere. The measured conductivity of ZnO compacts versus the reciprocal of
the estimated specimen temperature is shown in Fig. 5.2b for flash sintering in the four
atmospheres. At 1000 V�cm�1 in a reducing atmosphere of Ar + 5 mol.%H2, ZnO
could be sintered to relative densities greater than 97% in 30 s at furnace temperatures
below 120 �C. The authors emphasize that although significant lowering of the onset
flash sintering temperature can be achieved for ZnO in reducing atmospheres, the
temperature must still be greater than 110 �C, as at lower temperatures the interaction
between hydrogen and ZnO is limited.

Hewitt et al. [20] identified incipient thermal runaway as a necessary condition for
the flash event. Dong & Chen [21] showed that the onset conditions of the flash
process are the same in mold-free flash sintering and mold-assisted flash sintering.
Thermal runaway follows the sample’s heating by means of DC or AC. The serial

Fig. 5.1 Flash sintering setup. (Reprinted from Cologna et al. [11], Copyright (2011) with
permission from Elsevier)
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and parallel components influence the Joule heating and conduction heat losses.
In mold-assisted flash sintering, the temperature of the sample reaches a high value,
but this value has a limit caused by the presence of the punches and layers of thermal
insulation (Fig. 5.3). Soon after the flash, there is a drop in the voltage along the
sample, as its resistance falls below those of the punches and insulations. As these
conditions develop, the punches and the thermal insulation act as current limiters.
So, in mold-assisted flash sintering, the maximum reachable sample temperature is
limited. In both mold-free and mold-assisted flash sintering, the criterion for thermal
runaway is the same: the time and temperature of thermal runaway correspond to the

Fig. 5.2 (a) Measured electric power dissipation versus furnace temperature for the flash sintering
of ZnO in different atmospheres at 300 V�cm�1, (b) measured conductivity versus the reciprocal of
the estimated specimen temperature. (Reprinted from Zhang and Luo [19], Copyright (2015) with
permission from Elsevier)
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moment when the Joule heating in the sample catches up with the radiation heating
from the environment. When this is set as the criterion for thermal runaway, the onset
temperatures of thermal runaway can be accurately predicted. For the case of mold-
assisted sintering, the criterion for thermal runaway can be expressed as

AsV2
a

Haρ0exp
Ea
kBTs

� � > εσSd�sT
4
d, ð5:1Þ

where Va is the voltage along the sample/mold assembly, Ea is the activation energy,
ε is the emissivity, σ is the Stefan-Boltzmann constant, Sd�s is the surface area
of the sample placed in the mold (Fig. 5.3), Td is the mold temperature, kB is the
Boltzmann constant, Ts is the sample temperature, ρ0 is the room temperature
resistivity of the sample, Ha is the height of the sample/mold assembly, and As is
the cross section of the sample [21].

According to Dong and Chen [21], before the onset criterion is met, the sample is
heated either by radiation from the mold or from the furnace. Once Eq. (5.1) is
satisfied at a certain temperature, the Joule heating will take over, and the sample will
be heated further on in an accelerated manner. Thermal runaway is suppressed when
at least one of the following is observed: (1) the applied voltage is below the critical
voltage, (2) the sample experiences excessive thermal conduction and loses heat to
the environment, (3) the conductivity of the mold is too high, or (4) the conductivity
of the mold is too low. As the spark plasma sintering (SPS) machines utilize low
voltages, in order to use a SPS setup as equipment for mold-assisted flash sintering,
the samples should be of low height and of large diameter. An advantage of the SPS

Fig. 5.3 A schematic of the
assembly for mold-assisted
flash sintering. (Reprinted
from Dong and Chen [21],
Copyright (2016) with
permission of John Wiley &
Sons)
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chambers for conducting flash sintering may be the vacuum conditions and a
reducing character of the sample’s environment [21].

Dong & Chen suggested a simple relationship between the onset flash sintering
temperature Ton and the applied field strength E [22]: 1

Ton
� logE. A more detailed

analysis allowed suggesting the following relationship [23]:

ln
E2

T4
on

� �
¼ Ea

kBTon
þ ln

εσSd2R0

β

� �
, ð5:2Þ

where Ea is the activation energy, kB is the Boltzmann constant, ε is the emissivity,
σ is the Stefan-Boltzmann constant, d is the sample’s length, S is the sample’s
surface area, β is a numerical constant, and R0 is the resistance pre-exponential factor

(R ¼ R0exp
Ea
kBT

� �
).

Downs & Sglavo [24] have shown that cubic yttria-stabilized zirconia can be
sintered in a DC electric field of 2250 V�cm�1 at 390 �C, which is more than 1000 �C
below the sintering temperatures normally used for sintering of this ceramics. The
following relationship between Ton and E was determined as the best fit of the
experimental data:

Ton Kð Þ ¼ 2440E�1=5:85 V � cm�1
� � ð5:3Þ

Using this equation, the critical electric field, at which the sample enters the flash
sintering regime, was calculated to be 24.5 V�cm�1. This value corresponds to Ton
equal to 1408 K. At this temperature, sintering of the chosen cubic yttria-stabilized
zirconia powder starts in the absence of electric field, as was determined by dila-
tometry measurements. A graphical determination of the critical field is demon-
strated in Fig. 5.4. The critical electric field determines the boundary between the
FAST (type A) and flash (type B) sintering regimes. In type A (at low E), sintering
starts at the same temperature as without the field, and the presence of the electric
field only facilitates sintering by accelerating it at temperatures above 1408 K. At E,
exceeding the critical value, flash sintering occurs (type B).

Analyzing the shrinkage of the samples sintered at different applied voltages,
Downs & Sglavo [24] found that the compacts sintered at higher electric fields show
lower linear shrinkage. Two reasons were suggested to explain the observed trend:
1) the formation of short circuit paths at high voltages and 2) the value of the current
density not reaching the threshold. Based on these experiments, the authors con-
cluded that the values of the maximum power dissipation are important for the
initiation of flash sintering, but they do not determine the sample shrinkage. It is
possible that a certain value of the current density needs to be reached for the
uniform and efficient densification.

In their proof-of-concept paper, Saunders et al. [13] proposed a contactless
version of flash sintering, in which the electric current was supplied to the sample
by the arc plasma. A pre-compacted sample was placed in the gap between two pairs
of plasma torches (Fig. 5.5). The sample was preheated by the plasma, and the flash

5.1 Principle of Flash Sintering 197



sintering itself occurred upon imposition of a flash power (Fig. 5.6). Figure 5.7
shows a general view of a B4C–SiC sample sintered by contactless flash sintering.
The compact has a dense central region after 2 s of flash sintering. In this technique, a
need of direct contact of the surface of the sample with a current-carrying electrode is
eliminated, and the sample can be freely moved in the gap between the electrodes.
The authors emphasize that, as no electrodes are to be attached to the surface of the
sample, this operation is eliminated from the sintering cycle, which becomes a great
advantage of this technique over “classic” flash sintering with platinum electrodes.
A transformer welder apparatus having an AC power supply was used for creating
the plasma. The AC current rather than DC current was chosen to avoid a polarity-
related nonuniformity of heating. Using this technique, consolidation of silicon
carbide (SiC), boron carbide (B4C), and a B4C-SiC composite was attempted. The
samples that were subjected to flash sintering were plates cut from porous compacts
consolidated by (SPS). In the designed setup, conditions of flash sintering that
ensure full densification of the B4C-SiC composite and nearly full densification
of single-phase B4C were found. The geometry of the setup imposed a limitation
on the sample thickness: thick samples could not be heated through the entire
thickness.

A schematic of the B4C–SiC sample subjected to contactless flash sintering in the
gap between two pairs of electrodes is shown in Fig. 5.8. It was found that the

Fig. 5.4 The onset temperature of flash sintering of cubic yttria-stabilized zirconia as a log-log
diagram. The dotted line corresponds to Ton(K ) ¼ 2440E�1/5.85. The diagram shows a graphical
method of determining the critical electric field and the boundary between the field-assisted
sintering technique (FAST) and flash regimes. (Reprinted from Downs and Sglavo [24], Copyright
(2013) with permission of John Wiley & Sons)
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Fig. 5.5 The principle of
contactless flash sintering.
(Reprinted from Saunders
et al. [13], Copyright (2016),
Rights managed by Nature
Publishing Group. This
work is licensed under a
Creative Commons
Attribution License, http://
creativecommons.org/
licenses/by/4.0/)

Fig. 5.6 A sample to be sintered placed in the gap between the electrodes before flash sintering (a)
and 0.5 s after the application of the flash power (b). (Reprinted from Saunders et al. [13], Copyright
(2016), Rights managed by Nature Publishing Group. This work is licensed under a Creative
Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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Fig. 5.7 A general view of
a B4C–SiC sample sintered
by contactless flash sintering
showing a dense central
region; the flash sintering
time was 2 s. (Reprinted
from Saunders et al. [13],
Copyright (2016), Rights
managed by Nature
Publishing Group. This
work is licensed under a
Creative Commons
Attribution License, http://
creativecommons.org/
licenses/by/4.0/)

Fig. 5.8 A schematic of the B4C–SiC sample subjected to contactless flash sintering in the gap
between two pairs of electrodes (zone 1 is the zone with the highest temperature, zone 2 was
densified earlier in the flash process than zone 3; as the flash sintering progressed, the boundary
between zones 2 and 3 disappeared). (Reprinted from Saunders et al. [13], Copyright (2016), Rights
managed by Nature Publishing Group. This work is licensed under a Creative Commons Attribution
License, http://creativecommons.org/licenses/by/4.0/)
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surface temperature of the sample was higher than the temperature of the interior of
the sample. Zone 1 had the highest temperature and was always remelted. After 2 s
from the flash sintering start, zones 2 and 3 could be distinguished by a difference
between the relative densities: zone 3 has a higher porosity than zone 2. After 3 s, no
difference between zones 2 and 3 could be observed, as the material was fully
sintered. As the time of the flash increased, bubbles formed in zones 2–3 due to
sublimation of SiC causing expansion of the material.

Flash sintering conducted using a conventional scheme is suitable for small
specimens and requires platinum electrodes. Grasso et al. [14] discuss the advan-
tages of realizing flash sintering in the SPS facilities to increase the size of the
specimen, increase the productivity, and eliminate the need to use metallic elec-
trodes. In their work, a SPS facility was successfully used for flash sintering of
zirconium diboride (ZrB2). As ZrB2 has a higher room temperature conductivity than
materials, for which flash sintering was initially developed (e.g., zirconium dioxide
(ZrO2)), it can be processed in the flash sintering mode using a low voltage. For this
reason, voltages usually used in the SPS facilities are sufficient for carrying out the
process of flash sintering. A pre-sintering operation was used to make a porous
compact, which was placed between the punches of the assembly while no die was
used. Figure 5.9 shows the displacement rate, the heating power, and the temperature
developed during flash sintering of ZrB2 with a total discharge time of 35 s.

An interesting observation was made regarding the composition of the sintered
material. The initial powder of ZrB2 contained 0.2 wt.% of carbon and 0.8 wt.% of
oxygen, as the boride phase was synthesized by carbothermal reduction of ZrO2 and
the reaction was seemingly not complete. In the compact flash sintered within 35 s,
substantial quantities of carbon were detected by Raman spectroscopy (Fig. 5.10a),
while only negligible amounts were found in the compact produced by conventional
SPS (Fig. 5.10b). In the latter, the reaction between the remaining ZrO2 and carbon
was brought to completion during sintering, and the carbon was removed in the form
of carbon monoxide (CO). This example shows that full densification by flash
sintering may not coincide with the synthesis completion.

Zapata-Solvas et al. [12] investigated the possibility of flash sintering of a
covalent ceramic – silicon carbide (SiC). A schematic of their setup is shown in
Fig. 5.11. It was possible to achieve substantial densification in a flash sintering
process of SiC only when Al2O3 + Y2O3 additives were used. Specimen tempera-
tures were concluded to be much higher than those in the rest of the furnace owing to
direct Joule heating of the specimen; as a result, the densification near the specimen
surfaces was limited by the heat losses. In pure SiC or SiC with an Al + B4C + C
sintering aid, high densities of the compact were unachievable under the flash
sintering conditions. Zapata-Solvas et al. [12] pointed out that the evolution of the
voltage and current is affected by the temperature dependence of the resistivity of the
material. The flash phenomenon was observed in all compositions ― pure SiC, SiC
+(Al2O3 + Y2O3), and SiC+(Al + B4C + C) (Fig. 5.12). However, for each compo-
sition, there was its own range of parameters, at which flash sintering occurred. The
maximum mean density of 88% was obtained for the SiC+(Al2O3 + Y2O3) at an
applied field of 100 V�cm�1. In pure SiC and SiC+(Al + B4C + C), densification was
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less significant. A characteristic feature of the sintered specimens was a nonuniform
density across the diameter of the pellet with the outer regions remaining porous (due
to heat losses) and the core reaching nearly full density. An altered ratio of SiC
observed by the authors is an evidence of thermal decomposition of silicon carbide
(Fig. 5.13). From the known decomposition temperatures of SiC, it was possible to
conclude that the sintered specimen experienced temperatures much higher than that
of the furnace (1200 �C). The fact that the compacts heat treated before the flash
sintering experiments showed a lower flash sintering temperature suggests that the
initial formation of inter-particle contacts to form a continuous current pathway is

Fig. 5.9 Displacement rate (a), heating power (b), and temperature (c) during flash sintering of
ZrB2 (discharge time 35 s). (Reprinted from Grasso et al. [14], Copyright (2014) with permission of
John Wiley & Sons)
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critical in determining the flash sintering temperature. According to the authors, the
role of the sintering aids was also to establish better inter-particle contacts at low
temperatures prior to flash sintering, while the main phenomenon responsible for the
occurrence of flash sintering is Joule heating. It is noted that their flash sintering
facility is similar to the SPS (induction heating of a graphite susceptor is used as a
“furnace”; however, the sample is not in contact with it but insulated by alumina
tubes) but differs from it by the absence of the die and by forcing the electric current
through the sample, by means of which higher heating rates than in the SPS facilities
can be achieved.

Olevsky et al. [15] proposed a modified flash sintering technique – flash hot
pressing (or “flash spark plasma sintering”) – in which pressure can be applied to the
sample to stabilize the flash sintering process. Flash hot pressing can be conducted
using conventional SPS facilities using a specially designed tooling. Alternatively,
SPS facilities with hybrid heating can be used. The modified tooling included a

Fig. 5.10 Raman spectra of
the ZrB2-based compacts
sintered from a powder
containing 0.2 wt.% of
carbon and 0.8 wt.% of
oxygen: (a) flash sintering in
a SPS chamber completed in
35 s, (b) conventional SPS.
In the compact processed by
SPS, the reaction between
the remaining ZrO2 and
carbon is complete, and the
carbon is removed in the
form of CO. (Reprinted
from Grasso et al. [14],
Copyright (2014) with
permission of John Wiley &
Sons)
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copper collar tube, which acted as a heating element at temperatures below the
melting point of copper (Fig. 5.14). At the initial stage of the process, the
pre-sintered specimen is isolated from the electric current-carrying elements of the
tooling and is, therefore, heated by radiation only. Once the melting point is reached,
the tube collapses, so that the electrical contact between the punch and the tube is
disrupted and the contact between the punch and the sample is established. The
choice of copper as a material of the sacrificial collar was dictated by the fact that, at
temperatures close to the melting point of copper, the major contribution to the
overall electrical conductivity of SiC starts to come from its intrinsic conductivity,
which increases exponentially with temperature above 1500 K. At temperatures
below the melting point of copper, the conductivity of SiC has extrinsic nature and
is determined by the presence of impurities. Flash hot pressing (flash spark plasma
sintering) of a SiC powder allowed obtaining SiC compacts with a relative density of
99% without any noticeable grain growth (Fig. 5.15). The top edge of the sacrificial
copper collar was exposed to the radiation thermometer, which was used by the SPS
to regulate its temperature. Figure 5.16 shows the flash character of densification of
the SiC pre-consolidated specimen: a spike in the temperature coincides with the
spike in the relative density, while an increase in conductivity makes the SPS
apparatus reduce the electric current.

The assembly designed for flash hot pressing has advantages of adding variable
parameters to the flash sintering-based processing, which can be used to control the
sintering efficiency. These parameters are the height of the copper collar and the
applied pressure. Figure 5.17 shows the fracture surface of the compacts obtained
using short and tall collars. In the case of a short collar, a relative density of 77% was

Fig. 5.11 Schematic of the flash sintering setup used in Ref. [12]. (Reprinted from Zapata-Solvas
et al. [12], Copyright (2013) with permission from Elsevier)
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Fig. 5.12 Power per unit volume during flash sintering of SiC (a), SiC+(Al2O3 + Y2O3) (c),
and SiC+ (Al + B4C + C) (d); a sudden increase in current during sintering of SiC is shown in (b).
(Reprinted from Zapata-Solvas et al. [12], Copyright (2013) with permission from Elsevier)
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achieved, while the use of a long collar led to a higher relative density of 86%.
Experiments with a punch with an oblique surface showed that by changing the
applied pressure during flash hot pressing, the density of the sintered material can be
varied. Figure 5.18 shows a SiC compact, in which zones with different values of
shrinkage were formed corresponding to relative densities of 78% and 91%.

Fig. 5.12 (continued)
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The approach elaborated in Ref. [15] is different from die-free flash sintering of a
pre-sintered pellet of an initially conductive material in a SPS facility between
graphite punches by maximizing the power. In the die-free flash SPS [14], the
ZrB2 sample was preheated from the beginning of the process by the electric current

Fig. 5.13 SEM and EDX analyses of SiC flash sintered at 15 A and 200 V�cm�1. (Reprinted from
Zapata-Solvas et al. [12], Copyright (2013) with permission from Elsevier)

Punches

Tooling Schematics Before Flash Sintering After Flash Sintering

Sleeve

Dle

Copper Tube

Specimen

Fig. 5.14 Die design for flash hot pressing: a sacrificial copper collar is used as a supporting and a
heating element for the pre-consolidated specimen at temperatures below the melting point of
copper. (Reprinted from Olevsky et al. [15], Copyright (2015), Rights managed by Nature Pub-
lishing Group. This work is licensed under a Creative Commons Attribution License, http://
creativecommons.org/licenses/by/4.0/)

5.1 Principle of Flash Sintering 207

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Fig. 5.15 The SiC powder (a) and the fracture surface of the compact (b) processed from this
powder to a relative density of 99% by flash hot pressing (flash spark plasma sintering). (Reprinted
from Olevsky et al. [15], Copyright (2015), Rights managed by Nature Publishing Group. This
work is licensed under a Creative Commons Attribution License, http://creativecommons.org/
licenses/by/4.0/)
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Fig. 5.16 (a) Temperature (dashed red line) and relative density (solid black line) of the SiC
compact subjected to flash hot pressing, (b) evolution of electric current during flash hot pressing.
(Reprinted from Olevsky et al. [15], Copyright (2015), Rights managed by Nature Publishing
Group. This work is licensed under a Creative Commons Attribution License, http://
creativecommons.org/licenses/by/4.0/)

Fig. 5.17 Fracture surface of the SiC compacts consolidated by flash hot pressing (flash spark
plasma sintering): (a) short copper collar (tube), (b) tall copper collar. (Reprinted from Olevsky
et al. [15], Copyright (2015), Rights managed by Nature Publishing Group. This work is licensed
under a Creative Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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passing through it. Also, the use of a sacrificial copper collar makes the process
presented in Ref. [15] different from the process, in which a graphite felt around the
sample was used to establish conditions to preheat the pre-compacted SiC before
flash sintering in a SPS facility [16, 17]. A schematic demonstrating the use of
graphite felt as a conducting element at low temperatures, at which SiC is still too
resistive, is shown in Fig. 5.19. At higher temperatures, the SiC compact is carrying
the major fraction of the electric current.

Fig. 5.18 Fracture surface and general view of the consolidated SiC compact processed by flash
hot pressing using a punch with an oblique surface. (Reprinted from Olevsky et al. [15], Copyright
(2015), Rights managed by Nature Publishing Group. This work is licensed under a Creative
Commons Attribution License, http://creativecommons.org/licenses/by/4.0/)
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Fig. 5.19 Experimental setup for conducting flash SPS (a) and schemes showing the distribution of
electric current at the preheating stage (b) and flash sintering stage (c). (Reprinted from Grasso et al.
[16], Copyright (2016) Grasso et al., This is an open access article under the terms of the Creative
Commons Attribution License, https://creativecommons.org/licenses/by/4.0/)
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5.2 Mechanisms of Flash Sintering

As flash sintering is usually conducted without the application of pressure, it presents
a field-assisted sintering method, which allows studying the effect of electric current
per se on densification and grain growth without having to overcome the difficulties
of separating the sintering enhancement effects induced by pressure from those
related to the passing current [18]. Raj [4] suggests that Joule heating, though
involved in the process, cannot explain the phenomenon, as the increased temper-
ature of the sintered material is still several hundred degrees lower than that required
for such a fast sintering according to the calculations based on the Arrhenius
equation. The conductivity of the oxide materials taken for the studies is electronic,
and they behave as semiconductors upon heating. Initially, a constant voltage is
applied to the compact (Fig. 5.20). A rapid increase in conductivity causes a surge in
the powder dissipation. The power supply is then switched to the current control
(Fig. 5.21) [4, 25]. The difficulty in explaining the flash sintering effect is, therefore,
due to the fact that the conductivity and densification are dependent on different
moving species ― electrons and ions, respectively. Raj [4] believes that more
attention should be directed to the mechanism of the field influence on densification
during flash sintering, as the electric field can produce an avalanche of Frenkel pairs

Fig. 5.20 Shrinkage rates of yttria-stabilized zirconia (3YSZ) under an applied field. The instabil-
ity observed at a field strength of 40 V�m�1 leads to sintering in a few seconds. (Reprinted from
Cologna et al. [2], Copyright (2010) with permission John Wiley & Sons)
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and induce their ionization [26]. An increased concentration of Frenkel pairs would
facilitate mass transport in the sintered material.

For initially non-conducting SrTiO3, higher compact densities were achieved at
lower applied fields, as was reported by Karakuscu et al. [27], similar to the results
presented in Ref. [24]. At an applied field of 1000 V�m�1, flash sintering started at
740 �C, but the final sintered density was below 70%. At 500 V�m�1, flash sintering
occurred at 900 �C yielding a compact 76% dense. A weaker field of 150 V�m�1

induced flash sintering at 1200 �C, which was closer to a field-assisted process as the
densification was not instantaneous (Fig. 5.22). The microstructure of the sintered
compact shown in Fig. 5.23 indicates significant grain growth in the sample sintered
at 1200 �C relative to that sintered at 900 �C. The ability of the SrTiO3 phase to be
flash sintered was attributed to an increase in its conductivity during flash sintering
through the introduction of defects associated with nonstoichiometric phases. This
conclusion was supported by the characterization results of the flash-sintered mate-
rial by transmission electron microscopy, X-ray diffraction, and photoinduced
reflectivity dynamics, which all indicated higher content of defects in the sintered
material relative to the powder. Future investigations of the defect structures in the
materials will shed light on the processes occurring during flash sintering and
contribute to a deeper understanding of its mechanisms.

Grasso et al. [28] analyzed the temperature distribution in an yttria-stabilized
zirconia dog bone-shaped compact (Fig. 5.24) under conditions of flash sintering by

Fig. 5.21 The power density and the specimen temperature during a flash sinter-forging experi-
ment. (Reprinted from Raj [4], Copyright (2012) with permission from Elsevier)
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Fig. 5.22 Linear shrinkage of SrTiO3 at different applied electrical fields versus furnace temper-
ature (heating rate 10 �C�min�1). (Reprinted from Karakuscu et al. [27], Copyright (2012) with
permission of John Wiley & Sons)

Fig. 5.23 SEM images of the flash-sintered SrTiO3: (a) 500 V�cm�1, 60 mA, flash sintering
occurred at 900 �C; (b) 150 V�cm�1, 500 mA, flash sintering occurred at 1200 �C. (Reprinted
from Karakuscu et al. [27], Copyright (2012) with permission of John Wiley & Sons)
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means of finite element model simulation and conducted flash sintering experiments
with doped and undoped zirconia. In the simulation, the electrical and thermal
conductivities of the material as well as its heat capacity were assumed to depend
on the temperature. The simulation results showed that the flash sintering phenom-
ena should be ascribed to a sudden temperature increase inside the sample. As is seen
from Fig. 5.25, the temperature rises very rapidly – from 850 to 1600 �C.

By comparing the microstructure of the tetragonal yttria-stabilized zirconia and
undoped zirconia compacts after the flash sintering experiments, it was found that
the former was well sintered, while the latter was still porous, which indicated the
primary significance of the electrical conductivity of the material in the success of

Fig. 5.24 A dog bone-
shaped specimen used in
flash sintering. (Reprinted
from Grasso et al. [28],
Copyright (2011) with
permission from the
Ceramic Society of Japan)

Fig. 5.25 Finite element
model simulation of the
temperature distribution in
the yttria-stabilized zirconia
dog-bone shaped compact
under a power of 70 W
applied for 3 s. A field
intensity of 120 V�cm�1 was
applied when a furnace
temperature reached 850 �C.
(Reprinted from Grasso
et al. [28], Copyright (2011)
with permission from the
Ceramic Society of Japan)
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the flash sintering process (Fig. 5.26). Grasso et al. [28] emphasized the significance
of the flash sintering technique as an energy-saving method due to the utilization of
highly localized heating and short processing times.

Using AC impedance spectroscopy, Park and Chen [29] performed in situ
thermometry and measured temperatures exceeding 1500 �C reached within a few

Fig. 5.26 Fracture surface of tetragonal yttria-stabilized zirconia (a) and undoped zirconia (b)
subjected to flash sintering (120 V�cm�1 applied when the furnace temperature reached 850 �C).
(Reprinted from Grasso et al. [28], Copyright (2011) with permission from the Ceramic Society of
Japan)
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seconds in 8 mol.% yttria-stabilized zirconia disks 0.25–0.65 mm thick heated in a
furnace at a field intensity of 16 V�mm�1. They found that the temperature runaway
was more pronounced in samples with smaller surface-to-volume ratio. Todd et al.
[30] showed that the main electrical and thermal characteristics of flash sintering of
3YSZ can be predicted accurately through the inverse Arrhenius dependence of
resistivity and concluded that they are a classic consequence of the negative tem-
perature coefficient of resistivity leading to runaway Joule heating at a constant
voltage.

Narayan [31] explained electric field-induced phenomena, such as flash sintering,
reduction in the flow stress, and hindered grain growth by a unified mechanism,
which includes defect segregation at dislocations and grain boundaries and their
selective Joule heating. The segregation effects in applied fields have been observed
experimentally. Figure 5.27 shows precipitates with an average size of 10 nm near a
sub-grain boundary of a MgO crystal treated in an electric field. The segregation
effects were observed only in the samples treated in electric field; further annealing
of the crystal without field results in the disappearance of the segregation effects.

Impurities with higher cationic valencies compared with the host atoms increase
the electron trapping and generation of defects. The segregation of defects at grain
boundaries causes reverse vacancy jumps and slows down the grain growth rate. The
segregation effects increase the ionic and electronic transport along the grain bound-
aries. The AC field was found to be more effective in causing segregation compared
with the DC field under similar parameters [31]. These effects in metals are less
pronounced because of their higher thermal diffusivity and lower localization of heat
compared with ceramics. At high electric fields, ionic and electronic conduction lead
to an avalanche, where grain boundaries are selectively heated to melting. Flash
sintering of ceramics can thus be understood as a consequence of selective melting of
grain boundaries. The enhancement of conductivity with increasing temperature is

Fig. 5.27 Bright-field
electron micrograph of a
MgO crystal showing
precipitates near a sub-grain
boundary. (Reprinted from
Narayan [31], Copyright
(2013) Acta Materialia Inc.,
with permission from
Elsevier)
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an avalanche effect in an uncontrolled state and can lead to melting and evaporation
of the material between the electrodes. In practice, the current flow is limited to
control the process. Narayan argues that Joule heating of the grain boundaries and
not of the whole volume of the material should be considered. While in the solid state
Joule heating cannot account for high sintering rates observed in flash sintering [26],
it can explain the observed heating rates in the presence of liquid phases with high
diffusivities (10�4

–10�5 cm2 s�1).
Fast volumetric heating leading to flash sintering of a porous compact can also be

realized by microwave heating. Flash sintering occurs when the processing condi-
tions are such that facilitate the development of thermal runaway. Bykov et al.
[32, 33] suggested that grain boundaries play a key role in the flash sintering process
being the regions of high concentrations of defects and impurities. The localized
preferential absorption of microwave radiation by the grain boundaries results in the
grain-boundary softening or premelting. Thanks to softening, rapid densification of
the granular medium having reduced viscosity-grain boundaries can occur via
rotation and sliding of the grains, which accommodate their shape by means of
fast mass transport through the liquid or quasi-liquid phase. It was shown that the
heating rate (the absorbed power) greatly influences the microstructure (Fig. 5.28).

Fig. 5.28 Microstructure of the Yb:(LaY)2O3 ceramics flash sintered by microwave heating: (a)
heating at 50 �C�min�1 up to 1500 �C, (b) heating at 100 �C�min�1 up to 1500 �C, (c) heating at
7000 �C�min�1 up to 1580 �C. (Reprinted from Bykov et al. [32], Copyright (2016) Bykov et al.
This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/)
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At a heating rate of 50 �C�min�1, the grain boundaries showed frozen droplets. At a
higher heating rate (100 �C�min�1), these droplets merged and formed grain-
boundary layers, which showed a different contrast in comparison with the body
of the grains in back-scattered electron microscopy images. At a much higher
heating rate (7000 �C�min�1), the regions that experienced melting were larger
still being localized.

Bykov et al. [32] analyzed the structure of the specimen’s surface and its profile
using a combination of scanning electron microscopy and atomic force microscopy.
As can be seen in Fig. 5.29, the relief of the sintered compact is uneven, with edges
of the grains protruding from the surface. The protruding areas form due to a larger
specific volume of the material in the molten state relative to that in the solid state. It
was suggested that the molten part of the material fills the triple points of the granular
structure and is partially extruded to the surface. The premelting of the particle
surface can occur well below the melting point of the bulk material. The elemental
analysis of the grains and the intergranular phase in flash-sintered Yb:(LaY)2O3

showed that the intergranular phase is La- and O-enriched and Y-depleted.
According to Chaim [34], the main problems that make it difficult to investigate

the flash sintering mechanisms include the uncertainty of the real temperature at the
contacts between the particles (which is difficult to measure, while estimations may
vary by hundreds of degrees), the assumption of uniform sintering throughout the
specimen volume, and the assumption of the solid-state nature of the flash events.
Chaim proposed a model for rapid densification of flash-sintered ceramics [34]. In
this model, a liquid film forms by local melting at the inter-particle contacts due to
preferred Joule heating followed by thermal runaway. Local densification occurs via
particle rearrangement enabled by spreading of the liquid due to local attractive
capillary forces. The contacts melt in a random hierarchical manner. The rapid
densification is aided by the local increase in the specific volume. The volume
densification is closely connected with the percolation effect: at the percolation

Fig. 5.29 A SEM image of the surface of the sintered Yb:(LaY)2O3 ceramics flash sintered by
microwave heating at 200 �C�min�1 up to 1500 �C (a), atomic force microscopy profiles of the
adjacent grains (b). (Reprinted from Bykov et al. [32], Copyright (2016) Bykov et al. This article is
an open access article distributed under the terms and conditions of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0/)
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threshold, a sudden increase in the electrical conductivity and dissipated power is
related to the percolation of current through the softened part of the sintered material
or liquid [35]. The invasive nature of the melt at the contacts leads to the formation of
an advancing front, which forms the percolative pass for the current flow (liquid
“circuit”). In composite (multiphase systems), flash events can involve a particular
phase. In this regard, study by Candelario et al. [36] should be mentioned, who
used yttrium aluminum garnet Y3Al5O12 (YAG) as a sintering additive in flash
sintering of a SiC powder. The YAG additive melted and promoted liquid phase-
assisted densification.

A promising approach to studying the flash sintering mechanisms is in situ
diffractometry using synchrotron radiation, which allows gaining information on
the fast structural changes occurring in the material during the flash sintering
process. Reversible transformations (dependent on the presence of electric field) –
the formation of new phases and texturing – have been reported [37, 38]. Figure 5.30
shows evidence of a reversible transformation in titania induced by the application of

Fig. 5.30 X-ray diffraction patterns of titania compacts experiencing two cycles of a constant flash
state under current control: the relative intensities of (211), (110), and (111) reflections change
when the electric current is applied relative to the state without applied current. (Reprinted from Jha
et al. [38], Copyright (2015) with permission from Elsevier)
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electric current. The specimen temperature was measured to be 925 �C using a
platinum standard [38]. It was proven that Joule heating was not the cause of the
observed changes in the relative intensities of the peaks, as heating of the specimens
up to 900–1000 �C without electric field did not lead to any such changes in the
diffraction patterns.

McWilliams et al. [18] have reported an unusual phenomenon – the flash
sintering behavior of Al alloy AA5083. Upon reaching a certain temperature, the
compact consolidated from the alloy powder turned from an insulating state into a
conducting state. It was shown that Joule heating alone cannot account for the
observed flash sintering behavior. The authors suggested that the dielectric break-
down of the surface oxides present on the powder particles played a significant role
in determining the ability of the powder compact to densify in the flash manner.
Flash sintering behavior of metallic powders was also observed during processing of
polymer/silver mixtures under antenna microwave illumination allowing fast
agglomeration and consolidation of silver particles (microwave flash sintering)
[39, 40].

An original metal powder flash sintering method using microwaves was elabo-
rated in Ref. [41]. An unusually fast (60 s) thermal and sintering runaway of a
Ti-6Al-4V powder was experimentally observed under microwave illumination. The
experimental results were compared with the outcomes of the electromagnetic–
thermal–mechanical simulation, which is able to predict the cavity microwave
distribution, heating, sample densification, and shape distortions. The developed
multiphysics model revealed that the specimen’s runaway does not result from the
intrinsic properties of the sintered material properties but is caused by the resonance
phenomenon thermally activated by the surrounding tooling material. In the exper-
iments, a partially densified compact (relative density 40%) was surrounded by a SiC
nanopowder. The sample thermal runway was the result of the combination of
multiple factors including the resonance phenomenon, the location of the sample
in a high magnetic field area, and the confinement of the heat generated in the sample
by the nano-SiC powder. The originality of this microwave flash sintering approach
is in the presence of a metal thermal runaway that does not originate from the metal
properties. The comparison of the microwave and conventional sintering kinetics
indicated acceleration of the sintering behavior under microwave heating. The
developed microwave flash sintering does not require preheating in a furnace or
electric connections (the process is contactless) and can be used for metals and
alloys.

Local Joule heating and melting of the inter-particle contacts was suggested as an
explanation of a peculiar microstructure development of Mg2.1Si0.487Sn0.5Sb0.01
under conditions of flash SPS [42]. A high initial conductivity of the material
allowed direct Joule heating of the pre-compacted specimen in an assembly without
a die or conductive wrap by pulsed current generated in a SPS facility (Fig. 5.31).
The microstructures of the specimen sintered by conventional SPS (sintering in a die
with and without a pre-sintering stage) and that obtained by flash SPS conducted
without a die differ from each other. Specimens sintered by the SPS in a die were
heated at a rate of 100 �C�min�1 to 750 �C; the specimen consolidated from the
powder directly was held at the maximum temperature for 1 min, while there was no
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holding at the maximum temperature in the experiment with the pre-sintered com-
pact. The material sintered from the powder by conventional SPS showed no phase
separation (Fig. 5.32a). In the material, processed twice by the conventional SPS
(Fig. 5.32b), there was mild phase separation: solid solutions with different concen-
trations formed. The most interesting observation was made when the microstructure
of the flash-sintered material was analyzed: a tin-enriched network formed through
the microstructure, also engulfing magnesia (MgO) particles present on the surface
of the agglomerates of the initial powder (Fig. 5.32c–d). Consequently, during flash
sintering, changes in the microstructure, phase composition, and local chemical
composition of the material can occur caused by local melting at the particle
contacts.

Similar observations in terms of redistribution of elements in solid solutions were
made by Corapcioglu et al. [43], who flash sintered K0.5Na0.5NbO3 at 990 �C and
250 V�cm�1 for 30 s and found that the distributions of Na and K were not
homogeneous. Rather, the distribution resembled a core–shell structure, in which
the shell was K-rich and the core was Na-rich. The powder used for sintering did not
show any core–shell compositional features. The compositional variations between
the shell and the core were explained by grain-boundary melting during flash
sintering followed by recrystallization upon cooling. When a flash-sintered sample
was heat treated at 1000 �C for 4 h, the core–shell morphology disappeared. So,
conventional heat treatment made potassium ions diffuse into the core and sodium
ions diffuse from the core to the shell so that the equilibrium stoichiometry of
K0.5Na0.5NbO3 was restored.

For porous pre-sintered α-Al2O3 subjected to flash sintering at field strengths of
500–1500 V�cm�1, analogies between flash sintering and dielectric breakdown were

Fig. 5.31 Schematic of an
assembly for flash sintering
(no die or conductive wrap
around the specimen is used,
alumina paper covers the
cylindrical surface of the
specimen to reduce the
radiation heat losses) and
the resistance change of
Mg2.1Si0.487Sn0.5Sb0.013
with the temperature during
flash sintering under pulsed
current in a SPS facility.
(Reproduced from Du et al.
[42]. This article is licensed
under a Creative Commons
Attribution 3.0 Unported
Licence. https://
creativecommons.org/
licenses/by/3.0/)
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found [44]. The authors suggest that elevated temperatures and sample porosity lead
to a decrease in the breakdown strength down to values comparable to those at which
flash events were observed. The processes of flash sintering and dielectric break-
down were found to be similar in terms of runaway and conductivity evolution. The
incubation for flash sintering was compared to the pre-breakdown phenomenon. The
relation between the incubation time and the pre-sintering temperature (porosity of
the pre-sintered compact) showed that samples with a higher porosity require shorter
incubation times. The electrical conductivity of the fully dense samples did not
depend on the field strength, while that of the porous samples increased with
increasing field strength. Fully dense α-Al2O3 materials did not show a flash
behavior.

Fig. 5.32 Microstructure of the sintered Mg2.1Si0.487Sn0.5Sb0.013 (a–c) and spectra (d) taken from
different points of (c); (a) conventional SPS from the powder, 750 �C, (b) conventional SPS of a
pre-sintered compact, 750 �C, (c) flash SPS without a die, heating up to 700 �C at 1000 �C�min�1.
(Reproduced from Du et al. [42], This article is licensed under a Creative Commons Attribution 3.0
Unported Licence. https://creativecommons.org/licenses/by/3.0/)
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5.3 Materials Densified by Flash Sintering

In SPS, the sintering times are quite short – the total duration of the process is usually
from several minutes to several tens of minutes. It is technologically attractive to
further shorten the sintering process and reduce the sintering times down to several
seconds and increase the energy efficiency of sintering. The greatest limitation of
the initially proposed flash sintering approaches is the lack of applicability of flash
sintering to a wide range of materials. This limitation has been overcome by Manière
et al. [45], who combined SPS and a flash sintering approach and developed a flash
(ultra-rapid) spark plasma sintering method (net-shape flash SPS – NSFSPS) appli-
cable to various materials regardless of their electrical resistivity. Powders of metals
and insulating ceramics were consolidated to produce compacts with a homogeneous
microstructure within sintering times of 8–35 s. Extraordinary fast and homogeneous
heating was concentrated in the sample’s volume and punches. The controllable
flash phenomenon was enabled by the combination of the electric current concen-
tration around the sample and the confinement of the heat generated in this area by
the lateral thermal contact resistance (TCR). The NSFSPS approach uses a graphite
die electrically insulated by a sprayed boron nitride (BN) layer to concentrate the
electric current into the sample, if electrically conductive, or in the nearby graphite
foil, if electrically insulating (Fig. 5.33). The graphite die allows an easy control of

Fig. 5.33 Net-shape flash spark plasma sintering configuration. In order to concentrate the electric
current on the sample area, the inner die surface is coated by an electrically insulating boron nitride
(BN) spray. (Reprinted from Manière et al. [45], Copyright (2017), Rights managed by Nature
Publishing Group. This work is licensed under a Creative Commons Attribution License, http://
creativecommons.org/licenses/by/4.0/)
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the final shape of the specimen and makes the overall pressure-assisted process more
stable. The NSFSPS approach uses graphite tools for high-temperature applications
and good thermal shock resistance. This approach is related to the current concen-
tration method described in Ref. [46] but uses electric current patterns different from
those of Ref. [46]. Using the NSFSPS approach, nickel, alumina, and yttria-
stabilized zirconia powders were sintered in the flash mode [45].

The current cycle was imposed manually in two patterns: constant current mode
and forced current mode (Fig. 5.34). In both the “constant current mode” and the
“forced mode,” the sintering time is shorter than 60 s. An electric current cycle with a
forced runaway was realized by manually increasing the current at 70 A�min�1 up
to the beginning of densification and at 2500 A�min�1 further up until the displace-
ment plateau indicating the end of densification was reached. For nickel and
alumina, the thermal runaway that appears in traditional flash sintering dealing
with materials whose electrical conductivity increases with temperature was artifi-
cially imposed by the electric current pattern that reproduced a similar sample’s
thermal response.

Samples, the fracture surfaces of which are shown in Fig. 5.35, were nearly dense
with a residual porosity between 1 and 3% for the ceramic samples and 5% for
nickel. For zirconia and alumina, the grain size increased from 37–100 nm to 20 μm
in about 10 s. This suggests that fast densification was accompanied by unusually
fast grain growth. The comparison of the center/edge images reveals no obvious
microstructural differences indicating a very homogeneous process. However, a

Fig. 5.34 Experimental electric current (a, c) and displacement (b, d) curves under constant current
mode (a–b) and forced mode (c–d). (Reprinted from Manière et al. [45], Copyright (2017), Rights
managed by Nature Publishing Group. This work is licensed under a Creative Commons Attribution
License, http://creativecommons.org/licenses/by/4.0/)
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noticeable microstructure difference can be seen between the “constant current”
mode and the “forced” mode in the zirconia samples. Zirconia becomes electrically
conductive at high temperatures and seems to generate some heating instabilities
(internal sample temperature runaway and overheating in the sample’s area) which
cause fast grain growth under the “constant current” mode. In comparison, the
alumina sample that possesses a low electrical conductivity at low and high temper-
atures exhibits nearly no microstructure differences between the two modes. It
appears that materials, which are normally impossible to flash sinter using conven-
tional flash methods, are the most stable materials when processed by the NSFSPS
method. The TCR that decreases the heat flowing into the lateral punch/die interface
is the main factor explaining the high-temperature concentration inside the NSFSPS

Fig. 5.35 SEM images in the centers and edges of nickel, zirconia, and alumina samples for
constant and forced current modes. (Reprinted from Manière et al. [45], Copyright (2017), Rights
managed by Nature Publishing Group. This work is licensed under a Creative Commons Attribution
License, http://creativecommons.org/licenses/by/4.0/)
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setup’s central column independently of the sample material nature. The heat
generated by the central column is contained in the sample, which helps reducing
the temperature gradients within the sample. The higher the TCR is, the more
homogeneous are the sample temperatures and the more homogeneous are the
respective microstructures. The thermal confinement and the short sintering time
are favorable conditions to ensure the microstructure homogeneity observed exper-
imentally. The thermal confinement results also from the lateral graphite foil heating.
For ceramics samples, a significant amount of the electric current is constrained in
the sample/die graphite foil. Under these conditions, the lateral graphite foil can be
compared to a susceptor that heats the sample from the edge and considerably
stabilizes the sample temperature homogeneity. The forced thermal runaway gener-
ates heating rates of 1700 K min�1 for nickel and 4300 K min�1 for alumina. For
zirconia, the transition regime occurs at a sample temperature of 1250 �C, where the
heating rate passes from 3400 K min�1 to 12000 K min�1. This transition is a result
of an intrinsic thermal runaway that is added to the imposed electric current
amplification. The differences between NSFSPS and traditional flash sintering
should be mentioned. During NSFSPS, the applied pressure accelerates and stabi-
lizes the overall sintering process. A die is used for a better control of the final
sample shape of the sample. The NSFSPS method allows extending flash sintering to
nearly all materials, controlling sample shape by an added graphite die, and an
energy efficient mass production of small and intermediate size objects.

One of the key problems in the processing of ceramics is the requirement of high
temperatures needed for sintering and densification. High-temperature sintering
equipment is costly, while the processing requires inputs of large amounts of energy.
The main advantage of flash sintering is a dramatic reduction of the processing time
and temperature, as was illustrated by many examples. Flash sintering has been
proven successful for densification of K0.5Na0.5NbO3, a promising lead-free ferro-
electric material [43]. A flash sintering process 30 s long at 990 �C was shown to
produce a material with a high relative density (94%). In order to achieve the same
relative density by conventional sintering, the process should be carried out at
1100 �C for 2 h. Flash sintering at a low furnace temperature of less than 100 �C
was reported for La0.6Sr0.4Co0.2Fe0.8O3 under electric fields of 7.5–12.5 V�cm�1

[47] – an extraordinary effect caused by a high electrical conductivity of the material.
Materials that have been processed by flash sintering in different laboratories

have been classified by Yu et al. [1] using the conductivity mode – ionic conductors,
metallic-like conductors, semiconductors, and insulators. Yu et al. [1] see the reason
for a limited number of studies of the properties of flash-sintered materials in the
small size of the samples dictated by the requirements of the method (application of
field and placing samples into a furnace). At the same time, the potential of flash
sintering has been proven for different structural and functional materials: light-
weight ceramics, materials for solid-state electrochemical devices, ferroelectric
materials, and dielectrics, as reviewed by Yu et al. [1]. Recent studies have shown
that thermoelectric materials can also be produced by flash sintering: Du et al. [42]
found that by switching from conventional SPS in a die to flash SPS without a die, it
is possible to produce magnesium silicide stannide materials with altered electrical
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and thermal conductivities due to local melting-induced phase and structural
changes.

Layered structures composed of an anode material (NiO-zirconia) and cubic
zirconia electrolyte – structures for solid oxide fuel cell applications – were success-
fully flash sintered at 915 �C and 150 V�cm�1 using as assembly, in which the anode
and the electrolyte layers were connected electrically in parallel [48]. The key
problem in manufacturing of oxide fuel cells is sintering of the ceramic anode,
electrolyte, and cathode layers, as sintering of one layer constrains sintering of the
other. Co-sintered layers usually suffer from delamination and defects due to
different sintering rates of the layers. In Ref. [48], the flash sintering temperature
of the multilayer structure was lower than the temperature at which the anode
material sinters when processed separately (1005 �C). The electrolyte as a separate
layer sinters at 750 �C. The electrolyte had a high relative density and showed only
closed pores, while the anode layer was porous, which is required for solid oxide fuel
cells. The flash-sintered multilayers were free from defects and did not show
delamination, unlike conventionally sintered multilayers (Fig. 5.36). The experi-
mental results suggested that the behavior of the multilayers during flash sintering
was a result of the interaction between the layers, and it was not possible to predict
the flash sintering outcome by simply considering the behavior of the individual
layers. As flash sintering helped alleviate the problems associated with constrained
sintering, it was concluded to be a promising method for fabricating layered struc-
tures, such as those required for manufacturing of solid oxide fuel cells.

Studies focusing on comparison of the properties of materials of the same
composition produced by sintering in different modes are valuable from the funda-
mental and practical viewpoints, as they shed light on the mechanisms a certain
property is achieved under varied sintering conditions and allow formulating rec-
ommendations on the choice of the sintering modes for the material fabrication.
Jesus et al. [49] reported the dependences of the grain size and the dielectric constant

Fig. 5.36 Multilayers NiO–ZrO2/cubic ZrO2 sintered by flash and conventional sintering, the
bright band in the middle is the electrolyte layer (a), the structures of the anode and electrolyte
layers sintered and joined by flash sintering (b). (Reprinted from Francis et al. [48], Copyright
(2013) with permission of John Wiley & Sons)
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of the sintered CaCu3Ti4O12 on the field strength, which determined the sintering
mode: conventional-like (region I), field-assisted (region II), flash-dominated (region
III), as is shown in Fig. 5.37. The specimens were cold-pressed to a density of 55%,
suspended on platinum wires, which served as field and current carrying electrodes,
and placed into a furnace. The grain size correlated with the dielectric constant
showing that under the selected measurement conditions, the dielectric constant of
the sintered materials is modulated by the grain-boundary response.

An interesting result of flash sintering was reported in Ref. [50] for the phase
transformation in the 3 mol.%Y2O3-ZrO2 system. The powder heat treated at 600 �C
contained monoclinic zirconia; conventional sintering at 1100 �C for 1 h led to a
partial phase transformation into the tetragonal phase (Fig. 5.38a–b), which showed
that prolonged annealing is needed to achieve the formation of a single-phase
product from the 3 mol.%Y2O3-ZrO2 mixture. Unlike conventional sintering, flash
sintering was very efficient in transforming the mixture into single-phase tetragonal
zirconia (Fig. 5.38c–d). However, the effect of electric field during flash sintering on
the phase transformation rate remains unclear. Both the bulk and intrinsic grain-
boundary conductivity increased with increasing holding time during flash sintering.
The estimated grain-boundary thickness δgb and intrinsic (specific) conductivity σ sp

gb

of the grain boundary ( σgb ¼ Dg

δgb
σ sp
gb, where Dg is the grain size) are shown in

Fig. 5.39. Based on these results, it was concluded that flash sintering created oxygen
vacancies in both grains and grain boundaries that accumulated during the holding
time.

Fig. 5.37 Grain size (a) and dielectric constant measured at room temperature at 1 MHz (b) of
CaCu3Ti4O12 sintered using different field strength, which determined the sintering mode:
conventional-like (region I), field-assisted (region II), flash-dominated (region III). (Reprinted
from Jesus et al. [49], Copyright (2016) with permission from Elsevier)

5.3 Materials Densified by Flash Sintering 227



5.4 Summary

Flash sintering is a fascinating physical phenomenon, which also offers significant
energy saving and shortening of processing times. “Traditional” flash sintering
occurs when an electrical potential is applied to a pre-compacted specimen heated
in a furnace. The characteristic field strength and power dissipation values in flash
sintering are 100–100 V�cm�1 and 10–1000 W�cm�3, respectively. “Traditional”
flash sintering is accompanied by a sudden increase in the conductivity of the
sintered material, while the temperature instability plays a crucial role in the devel-
opment of flash sintering. Flash sintering can be initiated by arc plasma and
microwave radiation. It is now recognized that all types of materials can be flash
sintered regardless of their electrical conductivity evolution with temperature if
thermal runaway is forced in the sample through tailoring the electric current pattern.

Although possibilities of fast densification of pre-consolidated compacts via flash
sintering have been reported for a wide range of materials, structural analyses of the
densified materials have been followed by the detailed property testing only in a
limited number of studies. The question of specific properties of materials whose

Fig. 5.38 XRD patterns of the 3 mol.%Y2O3-ZrO2 powder heat treated at 600 �C for 2 h (a),
compact pre-sintered at 1100 �C for 1 h (b) and compacts flash sintered at 1100 �C with holding
times of 10 s (c) and 20 min (d). (Reprinted from Liu et al. [50], Copyright (2016) with permission
of Elsevier)
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grain boundaries experienced melting as a result of flash sintering is extremely
important from the fundamental point of view of the field-induced materials trans-
formations and from a technological perspective of producing materials with
advanced properties by energy- and time-saving routes. Until now, most of the
flash sintering studies focused on the single-phase materials. At the same time, the
role of additives in the processes has been demonstrated, and the behavior of layered
structure under flash sintering has been shown to be better compared with conven-
tional sintering in terms of the absence of delamination. For the future research,
multiphase materials present interesting and challenging objects to apply the flash
sintering approach to, as the phases will most probably differ in electrical conduc-
tivity and the character of its evolution with temperature.

By and large, flash sintering emerges as a remarkable way to consolidate powder
materials within extremely short periods of time. While the overall process duration
may vary due to the presence of the heating and cooling parts of the sintering cycle,
the actual time of densification in many cases is less than several seconds. The ability
to subject materials to flash sintering has already been demonstrated for a broad
variety of materials and for various field-assisted sintering techniques, including the
most traditional free pressureless version of flash sintering assisted by an applied DC
voltage, flash spark plasma sintering, and flash microwave sintering. While most of
flash sintering experiments have been conducted for ceramic materials, it was shown
that metals can be flash sintered too, when the “flash” is triggered initially by a
ceramic tooling.

From the fundamental research perspective, the underlying physical mechanisms
of flash sintering are currently actively debated. While the most active discussion is

Fig. 5.39 Estimated grain-boundary thickness and intrinsic conductivity of the grain boundary as a
function of temperature for flash-sintered 3 mol.%Y2O3-ZrO2 (FS-5, holding time 5 min; FS-10,
holding time 10 min; FS-20, holding time 20 min). (Reprinted from Liu et al. [50], Copyright (2016)
with permission of Elsevier)
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related to the acceptance or rejection of the thermal runaway phenomena during flash
sintering, less attention is paid to the nature of ultra-rapid densification itself. Indeed,
it is still not clear, whether the achievement of very high temperature can explain
almost instantaneous densification of many material systems.

From the applied research perspective, the main issues are the stability of flash
sintering and the related questions of its scalability. Thus, flash sintering is one of the
brightest examples of the importance of the control of non-equilibrium, which is a
major issue for most field-assisted sintering techniques.
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Chapter 6
Sintering in the Constant Electric Field
in the Noncontact Mode and in Magnetic
Field

6.1 Sintering in the Constant Electric Field
in the Noncontact Mode

A number of reports exist in the literature on the sintering enhancement by an
applied field that is not associated with the passage of current through the compact.
The specifics of the mechanisms of these types of sintering should apparently
include the field-assisted acceleration of diffusion and, possibly, the double-layer
effect influencing the specific surface energy [1–3].

Holland et al. [1] suggest that sintering schemes involving electric field in the
noncontact mode hold great promise for the future of field-assisted sintering by
dramatically reducing processing costs. Newman [2] investigated the effect of
electric field strengths up to 7.7 kV cm�1 on the porosity of a steel compact using
a set-up shown in Fig. 6.1. The following consideration was taken into account: the
application of an electric field during sintering, which makes the compact a positive
electrode of a capacitance circuit, produces a positive charge on the surface of the
compact. Since the vacancies in a metal are negatively charged, the chemical
potential of the vacancies at the surface may be lower than in the subsurface layer.
As a result, diffusion of vacancies from the pores into the subsurface layer of the
compact will occur improving the sintering process. A reduction in the porosity of
the 0.2–0.4 mm layer below the surface of a Fe-based alloy compact by as much as
44% was observed. The reduced porosity was confirmed by nitro-carburizing exper-
iments in which carbon diffusion was limited to a depth of only 0.2 mm below the
surface. Specimens sintered without an electric field showed carbon diffusion depths
over ten times the depth observed in specimens sintered in the applied electric field.
The observed decrease in the surface porosity was attributed to a decrease in the
chemical potential of vacancies at the charged external surface. The application of
this effect in commercial processes is the surface porosity reduction crucial for the
corrosion resistance control of metallic parts and metal hardening technologies based
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on surface carburization. The surface modification has to involve a layer of a certain
thickness only, leaving the material located deeper non-carburized and ductile.

Holland et al. [1] found that the electric field in the noncontact mode can benefit
densification of dielectrics during slow heating, even if it is applied only up to
temperatures much lower than those at which any significant diffusion in the sintered
material can be expected (Fig. 6.2). A suggestion has been put forward that the
electric field can facilitate the removal of surface contaminants from the nanosized
powders, such as water and carbon dioxide, which evolve at 400–500 �C upon
heating – at temperatures too low for any diffusion activity in the sintered powder
material to start. It was pointed out that a great advantage of the noncontact mode is
an opportunity of the application of electric fields together with different mechanical
loading schemes, not just together with uniaxial pressing as in the commonly
accepted scheme of combining pressing and passage of current.

6.2 Sintering in the Constant and Pulsed Magnetic Fields

The conditions of the growth and dissolution of pores in a solid placed in a magnetic
field were analyzed by Kornyushin [3]. The magnetic lines around a pore are
distorted. If a pore in a one-domain spherical magnetic solid elongates along the
direction of the magnetic moment maintaining its volume, the distortion of the
magnetic lines will be reduced and so will be the magnetic energy of the system.
However, the energy of the system will increase due to an increase in the surface area
of the elongated pore. For magnetic materials sintered in a magnetic field, particular
pore-size distributions and pore orientations can be expected. These effects will be

Fig. 6.1 Schematic of a set-
up for sintering in the
constant electric field
(Reprinted from Newman
[2], Copyright (2000) with
permission from Elsevier)
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achieved in materials, for which the Curie temperature and the sintering temperature
are comparable. For materials with low Curie temperatures, there will be no influ-
ence of magnetic field on sintering. Litvinenko et al. [4] studied the effect of a
constant magnetic field (~0.3 T) on the densification of cobalt powders due to the
high Curie point of cobalt. The powder compacts were radiantly heated by the
heating elements. Although the difference between the remaining porosities of the
compact sintered in the magnetic field and the compact sintered without field was
slight (65.5% and 68.2%), the resistivity of the compact sintered without magnetic
field was almost twice the resistivity of the compact sintered in the presence of
magnetic field. The authors explain this effect by a greater perfection of the inter-
particle contacts formed in the magnetic field.

The influence of a pulsed magnetic field on the density and quality of the sintered
compacts has received a more detailed explanation. The contacting particles,
when carrying an electric current, form conductors, which experience the action of
Ampère’s force in the external magnetic field. Such experiments were conducted by
Li et al. [5], who combined the SPS processing of iron powders with the action of a
pulsed magnetic field and obtained compacts of higher density and increased
hardness than in the absence of the magnetic field. The effect of the pulsed magnetic
field was concluded to be in the generation of eddy currents, enhancement of mass
transport and particle rearrangement by breaking the previously formed bridges.

Fig. 6.2 Densification curves of 3YSZ sintered in air with and without electric field (Reprinted
from Holland et al. [1], Copyright (2013) with permission from Elsevier)
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6.3 Summary

Sintering in the constant electric field in the noncontact mode and in magnetic field
presents very rare types of processing and has been reported only in a limited number
of publications. Apparently, it can be applicable to a limited number of material
systems; however, when applicable, it can produce quite useful results. The specifics
of the mechanisms of these types of sintering should include the field-assisted
acceleration of diffusion and, possibly, the double-layer effect influencing the
specific surface energy.
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Chapter 7
Microwave Sintering

7.1 Principle of the Method and Microwave Heating
Process

Sintering of materials by microwaves is based on the conversion of the energy of
microwave electromagnetic field into the thermal form. Over the last decades,
methods of materials processing involving the use of microwave energy have been
under constant development. In food processing, organic chemistry, pharmaceutical
industry, and wood processing, microwave treatment has become an established
technology [1–3]. The processes generally rely on microwave absorption in water
or organic substances at relatively low temperatures. The advantages of high-
temperature microwave processing have been demonstrated in such fields as
sintering and joining of ceramic materials [4], inorganic synthesis [5], development
of composite materials [6], powder metallurgy [7, 8], industrial and radioactive
waste remediation [9], and annealing of implanted semiconductor structures
[10, 11]. The development of new microwave processing applications most fre-
quently begins with an attempt to replace the conventional heat source in the existing
technology with a microwave source. As a rule, a new microwave technology can
only become competitive when it results in a final product that is better significantly
than those obtained by conventional technologies.

The development of microwave processing applications relies on the fundamental
differences in the processes and their results from the counterpart conventional
technologies. An important advantage of microwave heating is volumetric energy
absorption in many materials. As opposed to conventional furnace heating by radiant
or convective heat flows, microwave heating does not have to fully rely on thermal
conductivity. In addition, the power produced by the microwave source can be spent
entirely on the heating of the product, without the need to heat thermally massive
furnace elements. Therefore, much higher heating rates are achievable with micro-
waves, which is one of the most important factors in many processes. However, a
significant portion of the differences in high-temperature processing observed under
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microwave versus conventional heating cannot be explained by a different heat
deposition pattern. The microwave effects include changes in the activation energy
of diffusion [12], anisotropy of diffusion under heating in a linearly polarized
microwave field [13] and changes in the solid-state phase transformation tempera-
tures [14]. Apparently, these effects are of a more fundamental nature, associated
with the microwave field energy conversion into forms other than the equilibrium
thermal motion. The first studies of the use of microwave radiation for high-
temperature processing of materials date back to the 1960s [15]. In the field of
microwave sintering of ceramics, the pioneering experimental work was done by
Tinga et al. [16], Berteaud and Badot [17], Meek et al. [18], and Lynn Johnson
[19]. By the end of the 1980s, the feasibility of microwave sintering of oxide ceramic
materials, such as Al2O3, ZrO2, and Y2O3, had been demonstrated experimentally. It
was found that microwave sintering has certain specific features of high potential
importance for technology: a significant (50–100 �C) decrease in the process tem-
perature, especially at the intermediate stage of sintering (the shift of kinetic curves
of densification is especially pronounced in materials with higher microwave absorp-
tivity [20]) and a reduction in the duration of the high-temperature stage of the
sintering process. One of the possible reasons for this is an inverse distribution of
porosity at the intermediate stage of sintering due to volumetric heating, which
facilitates densification [21].

The achievements and problems in the microwave sintering of ceramics have
been summarized in a number of comprehensive reviews, including those by Katz
[22], Clark and Sutton [23], Agrawal [24], and Binner and Vaidhyanathan [25]. The
demonstrated enhanced processing has induced interest in the use of microwave
energy for the sintering of nanostructured ceramics, with a goal to obtain dense
materials with the final grain size as close to the initial one as possible. In a study by
Binner et al. [26], the two-stage sintering method originally suggested by Chen and
Wang for the sintering of nanostructured ceramic materials [27] has been success-
fully implemented with the use of microwave hybrid heating. The advantages of
microwaves in the sintering of advanced metal–ceramic composites and functionally
graded materials have been shown by Willert-Porada et al. [28, 29]. Impressive
prospects of microwave heating have been demonstrated in the sintering of metal
powders, starting from the experiments by Roy et al. [30].

An important role in the development of high-temperature microwave applica-
tions is played by the process modeling. While the experimental optimization of
microwave processing regimes is labor-intensive and time-consuming, modeling
and numerical simulations can facilitate application development significantly. A
comprehensive model of a microwave sintering process would pursue obtaining the
temporal evolution and spatial distribution of the electromagnetic field in the mate-
rial, temperature, and variables that reflect the processes in the material, such as
stresses, mass fluxes, porosity, grain size, etc. These variables generally depend on
the evolution of temperature but may also be influenced by a direct (nonthermal)
effect of electromagnetic field. The distribution of the electromagnetic field within
the object generally depends on the effective dielectric and magnetic properties of
the material, which depend on the temperature and structural variables, such as
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porosity, the dimensions and properties of the applicator, and the matching condi-
tions between the microwave source, transmission line, and applicator. Similarly, the
distribution of temperature within the heated object is determined by 1) the distri-
bution of electromagnetic field within the material; 2) the effective absorption
properties, heat capacity, and thermal conductivity of the material (depending on
the temperature and porosity); and 3) conditions of heat removal that may involve
properties of thermal insulation, emissivity of the material, and convection.

Sintering assisted by microwave heating has found multiple applications in
modern material processing technologies. In many important practical cases, the
material to be processed by microwaves is placed in a microwave applicator that
comprises a cavity resonator. To estimate the electric field in a cavity with a single
oscillation mode excited, one can use the expression for the electromagnetic energy
stored therein:

1
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E2
0dV ¼ PinpQ

ω
, ð7:1Þ

where E0 is the electric field amplitude in the incident wave, ε0 is the electric
constant, ω is the angular frequency, Pinp is the power input into the cavity, Q is
the quality factor of the oscillation mode, and the integration is over the cavity
volume. The cavity Q factor accounts for the losses in the material undergoing
heating and the losses in the cavity walls.

The microwave power absorbed per unit volume can be expressed as follows:
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are the electric and magnetic field strengths and ε
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and μ

00
are the

dielectric and magnetic loss factors, respectively.
As opposed to conventional furnace heating, in which the energy is delivered by

radiant or convective heat flows, the principal feature that distinguishes microwave
heating is volumetric energy absorption. Electromagnetic waves in the microwave
and millimeter-wave range penetrate most dielectric materials and are absorbed in
their volume. The primary mechanism of absorption is excitation of electron oscil-
lation at the frequency of microwave source. The energy of electron oscillation is
converted into the energy of lattice vibrations with an equilibrium spectrum via a
number of steps (Fig. 7.1) [31].

Electron oscillations induce periodic distortion of lattice potential and thereby
modify the spectrum of lattice vibrations driving it away from equilibrium. Then the
vibration spectrum equilibrates due to the nonlinear interaction between lattice
modes. Heating occurs by direct coupling of the powder compact to the microwaves.
The approximate formula for the penetration depth of microwaves into materials, for
which ε

00
/ε

0
< 0.1, is [32]
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where λ is the wavelength and ε
0
and ε

00
are the real and imaginary parts of the

dielectric constant. Small penetration depths mean that reflection of microwaves
from the surface dominates.

Bulk metallic materials and powder compacts, in which the concentration of
the conductive particle exceeds the percolation threshold, should reflect the micro-
wave radiation. The penetration of the microwaves is described as skin depth δ
determined as

δ ¼ 1ffiffiffiffiffiffiffiffiffiffi
πf μσ

p , ð7:4Þ

where f is the frequency, μ is the material magnetic permeability, and σ is the
material electrical conductivity.

7.2 Effective Microwave Dielectric Properties

All electrodynamic calculations require data on the dielectric properties of the
materials involved, including the dielectric constant ε

0
and the imaginary part of

the complex dielectric permittivity ε
00
. In the microwave frequency range, absorption

properties of nonmetallic materials vary greatly. The loss factor varies at room
temperature from 10�4 to 10�3 (e.g., in pure alumina and silicon nitride) to 1 and
higher (in carbides, borides, some oxides, and intermetallic compounds). Corre-
spondingly, the electromagnetic field penetration depth in the materials varies from
meters to fractions of a millimeter.

In the microwave processing practice, most materials are in fact heterogeneous –
comprising mixtures of two or more phases. For example, powder compacts contain
a solid phase (powder particles) and a gas phase (pores). Composite materials may

Fig. 7.1 Energy conversion during microwave heating: the electric field E causes oscillation of
charged particles and dipole polarization within the solid (a); this translates into lattice vibrations
(b), which are then “thermalized,” resulting in the random equilibrium thermal motion (c)
(Reprinted from Rybakov et al. [31]. Copyright (2013) with permission of John Wiley & Sons)
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contain three or more phases. When the characteristic scale of microstructure
inhomogeneity is much smaller than the wavelength in the material, the interaction
of the electromagnetic field with such a material can be described by averaging-
based methods. Within these methods, the material is viewed as homogeneous,
possessing the effective properties such as effective dielectric permittivity and/or
magnetic permeability. The effective properties are determined by the properties of
all components and the microstructure of the material, including the shape of
particles and their distribution over size. The effective properties cannot be deter-
mined unambiguously by only the volume fractions of the components [33]. In the
experiment, nonuniform distribution of components can result in different heat
deposition patterns during microwave sintering [34]. Furthermore, microwave
absorption properties of ceramic materials of a fixed density can depend on the
grain size [35]. However, widely used in practice are approximate methods based on
simple models of media with inclusions (“mixing laws”), for which averaged
solutions can be obtained analytically. Such models can provide adequate descrip-
tion of real heterogeneous materials for a certain range of component volume
fractions.

Bruggeman proposed the so-called effective medium approximation (EMA) to
describe the properties of the heterogeneous materials [36]. Within this approxima-
tion, the components constituting the heterogeneous material are viewed as inclu-
sions in the “effective” medium whose properties are sought. In the simplest case,
the inclusions are assumed to have spherical shape. The following equation can be
used to determine the effective dielectric permittivity εeff:

X
i

Ci
εi � εeff
2εeff þ εi

¼ 0, ð7:5Þ

where Ci is the volume fraction of the ith component.
An advantage of the EMA is in describing the properties of the heterogeneous

material adequately both when the volume fraction of a component tends to zero and
when it approaches 100%. This symmetry makes it possible to use this approxima-
tion to model processes, in which the volume fractions of the components vary in
broad ranges. However, the EMA is not justified in the intermediate range of volume
fractions between the abovementioned limiting cases. The EMA is capable of
qualitatively describing the phenomenon of percolation that arises in conductive
powder compacts with an increase in the particle concentration up to the onset of
connectivity between particles. At the percolation threshold, the imaginary part of
complex dielectric permittivity, linked with the material’s conductivity, increases
sharply by orders of magnitude. Therefore, the material, in which the conductive
powder volume fraction is above the percolation threshold, should reflect the
microwave radiation almost fully. However, in many experiments, microwave
heating of such materials has been demonstrated, meaning that the microwave
radiation penetrates into such conductive powder compacts. This has been explained
by the presence of insulating (e.g., oxide) shells on the conductive particles
(Fig. 7.2). The resulting equation for εeff [37, 38] is presented as follows:
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2βε2eff þ β 3C � 2ð Þ þ αεi 1� 3Cð Þ½ �εeff � αεi ¼ 0, ð7:6Þ
where C is the volume fraction of solid in the compact, εi is the dielectric permittivity
of the insulating shells, εc is the dielectric permittivity of the conductive material,
α¼ 2εi + εc + 2(εc� εi)/ξ

3, β¼ εi + εc + (εi� εc)/ξ
3, ξ¼ 1 + d, d¼ t/r, r is the radius

of the conductive particle without shell, and t is the shell thickness. The presence of
even very thin shells can drastically change the effective dielectric permittivity and
explain the microwave penetration into the conductive powder compacts.

Microwave absorption in metal powder particles is predominantly determined by
the magnetic polarization of the particles. The alternating magnetic field induces a
rotational electric field within the particles, which in turn drives eddy currents that
generate heat (Fig. 7.3). The properties of materials containing nonferromagnetic

Fig. 7.2 Effective medium approximation for the case of conducting particles with insulating shells
(Reprinted from Rybakov et al. [31]. Copyright (2013) with permission of John Wiley & Sons)

Fig. 7.3 Microwave
absorption via magnetic
polarization of metal
particles and the schematic
dependence of absorption
on the particle radius
(Reprinted from Rybakov
et al. [31]. Copyright (2013)
with permission of John
Wiley & Sons)
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metal particles are, therefore, described by the complex magnetic permeability that
depends on the volume fraction of particles, their size, conductivity of metal, and
frequency.

Cheng et al. [39] demonstrated that for single-mode applicators, samples
compacted from metal powders heat faster when positioned in the magnetic field
maximum of the standing wave electromagnetic field distribution in the cavity. This
fact is in agreement with the mechanism of microwave absorption in metal particles
due to eddy currents.

7.3 Heat Conduction Equation and Materials Parameters

The temperature within the microwave-heated material is governed by the heat
conduction equation:

cpρ
∂T
∂t

�∇ κ∇Tð Þ ¼ w, ð7:7Þ

where cp is specific heat capacity, ρ is density, κ is thermal conductivity of the
material, and w is local density of the energy released in the material. An analysis of
Eq. (7.7) shows that the distribution of temperature in the case of microwave heating
is essentially nonuniform, as long as the electromagnetic field is present in the
material (w 6¼ 0). For example, in a steady state d

dt ¼ 0
� �

with κ not depending on
temperature and w uniform, the distribution of T is parabolic with a maximum in the
core of the material. This is usually referred to as an inverse temperature profile
specific for the microwave heating. If the distribution of the absorbed microwave
power, w, is nonuniform, then the temperature distribution follows the power
distribution on short timescales, but on longer timescales, it is determined by thermal
conduction across the entire workpiece dimensions [40].

The boundary conditions for Eq. (7.7) account for the heat loss at the surface of
the material. This heat loss, along with the deposited microwave power, determines
the degree of temperature nonuniformity in the material. To improve the uniformity,
various means of thermal insulation are widely used in the microwave processing
systems. Most commonly, the boundary condition is taken in the simple form:

∇T js ¼ �α T js � T0
� �

, ð7:8Þ
where T0 is the temperature of the environment away from the material and the
coefficient α reflects the quality of thermal insulation that surrounds the material. To
account for the heat loss by thermal radiation, whose contribution can be prevailing
at higher temperatures, an additional term proportional to T4 is introduced into
Eq. (7.8). In many cases, heat losses by convection in the gas surrounding the
sample should also be accounted for [41].
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For a powder material undergoing sintering, its parameters used in Eq. (7.7)
change with porosity. If the specific heat capacity of air in the pores is neglected, the
specific heat capacity, cp, scales linearly with the density:

cp ¼ 1� θð Þcp0, ð7:9Þ
where θ is the porosity, defined as the volume of pores related to the total volume of
the porous material, and cp0 is the specific heat capacity of the fully dense material.
The thermal conductivity, κ, depends on the material’s microstructure. In general, it
can be determined within the approximate models in the same way as the dielectric
permittivity. For example, within the effective medium approximation, the following
equation for the effective thermal conductivity of the porous materials is derived:

2κ2 þ κ0 3θ � 2ð Þ þ κa 1� 3θð Þ½ �κ � κ0κa ¼ 0, ð7:10Þ
where κ0 is the thermal conductivity of the fully dense solid material and κa is the
thermal conductivity of air in the pores. Calculations of the thermal conductivity
within a realistic microstructure model that accounts for the neck formation during
sintering have been described in Refs. [42, 43]. For some simple cases of microwave
heating, it might be sufficient to model the process based on the heat conduction
equation alone, with the distribution of the microwave power considered uniform or
prescribed (e.g., exponentially decaying from the material’s surface into the bulk,
which might be relevant for high-loss materials).

7.4 Self-Consistent Electromagnetic and Thermal Modeling

A self-consistent model of microwave heating would contain an electrodynamic part

to determine the electric and (where applicable) magnetic field, E
!

and H
!
, and a

thermal part to obtain the temperature, T. The temperature, in turn, determines the
values of all material parameters in the coupled model, such as ε, μ, cp, and κ. With
certain simplifying assumptions, in particular regarding the form of the temperature
dependencies of the parameters, such a model can be solvable analytically. Other-
wise, a simplest numerical implementation of such a model would comprise a
one-dimensional slab of material divided into a number of thin layers with constant
parameter values. At each iteration, the distribution of electric and magnetic field
amplitudes is obtained by the impedance method [31] and then the temperature in
each layer is determined by solving Eq. (7.7) by a simple implicit scheme. Before the
start of the next iteration, the material parameters in each layer are assigned new
values based on the temperature value in the layer.

The combined electromagnetic and thermal models have been a basis for a great
number of microwave processing simulations. A semianalytical electromagnetic
solution for a cylindrical cavity partially filled with a dielectric material, followed
by finite-difference solution of the thermal problem, has been used to simulate the
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temperature dynamics during microwave heating of alumina [44]. A simple electro-
magnetic model based on plane-wave absorption in each of the materials present in
the applicator has been demonstrated to provide good agreement with experiments.
The susceptor material used to improve microwave heating of low-loss materials
provides efficient microwave absorption up to some intermediate temperature, then
oxidizes, and burns out [45]. The energy balance during the susceptor-assisted
microwave sintering is analyzed in Ref. [46] within a plane-wave multilayer elec-
tromagnetic/thermal model. More elaborate finite element simulations of the micro-
wave heating of ceramics with temperature-dependent properties based on
commercial software such as COMSOL are described in Refs. [47, 48].

An analysis of the coupled electromagnetic and thermal problems in microwave
heating, leading to a rich variety of dynamic heating regimes and effects, has
attracted a broad interest of researchers. The most widely discussed effect is thermal
instability. In a simplest consideration, it results from the microwave-specific
nonuniform temperature distribution combined with the rising dependence of micro-
wave absorptivity on temperature. As the deposited power density is proportional to
the absorptivity, it is locally higher in the regions with a higher temperature, leading
to a higher-temperature growth rate in these regions. Obviously, this gives rise to
temperature instability, unless the thermal conduction is strong enough to effectively
equalize the temperature over the material. Early models of thermal instability during
microwave heating (commonly termed a “thermal runaway”) were published by
Roussy et al. in the 1980s [49, 50]. The simplest thermal runaway models were based
on the thermal conduction equation alone, assuming the electric field amplitude
constant and uniform [51, 52]. Such models are capable of obtaining the stability
criterion as a function of the rate of material’s absorptivity growth with temperature
and other material parameters, such as thermal conductivity. Whereas most thermal
runaway models consider the temperature dependence of the dielectric loss factor as
the primary cause of the instability, it has also been shown that the instability can arise
due to the temperature dependence of the real part of the material’s dielectric constant
[53] or due to the descending temperature dependence of the thermal conductivity
[54]. The issue of power or temperature control that would prevent heating instabilities
has received considerable attention, resulting in the development of control algorithms
for the feedback-loop automatic power control systems [55–57].

7.5 Models of Microwave Sintering

The above-described simulations of microwave heating result in obtaining the
distribution of temperature over the ceramic workpiece and the evolution of this
distribution. However, a major end result of the sintering process is the densification
of a ceramic powder compact. Therefore, in a full-scale model of the sintering
process, the obtained distribution and evolution of the electromagnetic field and
temperature should be input into a simulation of densification during sintering. Some
of the factors, specific to microwave sintering, such as possible inhomogeneity of
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temperature distribution, deserve mentioning in particular. A prevailing majority of
models described sintering in conventional furnaces and, therefore, in many cases
did not account for nonuniform temperature distributions. A continuum sintering
model that attempts to analyze the influence of the temperature nonuniformity
associated with microwave heating has been suggested by Rybakov and Semenov
[58]. The powder material undergoing sintering is considered as a viscoelastic
medium characterized by shear and bulk viscosities, and its densification is primarily
governed by an intrinsic sintering stress. Within such a model, the effect of
nonuniform heating manifests itself via thermoelastic stresses and nonuniform
effective viscosity of the porous ceramic material that depends on the temperature.
The results of the analysis suggest that the nonuniform, temperature-dependent
viscosity of the ceramic material can be the cause for nonuniform localized densi-
fication, whereas the effect of thermoelastic stresses induced by volumetric micro-
wave heating is limited.

The attempts to combine the electromagnetic and thermal modeling of microwave
heating with the simulation of temperature-dependent densification are not numer-
ous. In the simplest case, a fitting equation that relates the density and the temperature
is used at the final stage of the simulation. As a result, the simulation output is
translated from temperature to density terms. Examples of such simulations can be
found in Refs. [59–62]. A limitation of such simulations is that they do not reflect
changes in the dimensions and shape of the sintered objects. Also, the changes in the
material’s properties, such as the dielectric permittivity and heat conductivity, with
the evolving porosity are often not taken into account. Another simplified approach
is based on the use of master sintering curves proposed by Su and Johnson
[63]. These curves are the experimentally obtained dependencies of the relative
density versus the logarithm of the temperature evolution function:

θ t; T tð Þð Þ �
ðt

0

1
T
exp �Ea

RT

� �
dt0,

where the value of the activation energy, Ea, is picked to obtain the best fit to the
experimental data. Using the master sintering curves, it is possible to obtain the density
as a function of the local temperature evolution. A one-dimensional simulation that
combines all three modeling stages, viz., finding the absorbed microwave power by an
impedance method, finding the temperature distribution by a finite-difference method,
and finding the shrinkage of each layer in the mesh by the master sintering curve
method, has been described in Refs. [59, 64] for the microwave sintering of metal–
ceramic functionally graded materials with a composition spatially varying from
the pure ceramic to the pure metal. The master sintering curves for the intermediate
concentrations of the composite material were interpolated based on the curves for the
pure metal and the pure ceramic. At each iteration, the mesh spacing was adjusted
according to the calculated local densification. However, it should be noted that the
master sintering curve approach, in its originally suggested form [63], assumes a fixed
relationship between the average grain size of the sintered material and its relative
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density. This assumption significantly narrows down the applicability area of the
master sintering curve concept. In addition, it contradicts a major idea of sintering
optimization, viz., maximum densification achieved along with the controllable grain
size evolution, which has been one of the incentives driving the implementation of the
microwave sintering techniques.

A more rigorous approach is to incorporate the nonuniform temperature distri-
bution resulting from the microwave heating simulation into continuum sintering
models. In a numerical study of microwave sintering [65], the distribution of
microwave field and temperature is obtained for a one-dimensional slab of a ceramic
material. The porosity and grain size are computed using a continuum model
applicable for late stages of sintering. The material constants are assumed to depend
on porosity; however, whereas the complex dielectric permittivity is calculated using
the Maxwell–Wagner mixture rule, the thermal conductivity (as well as the specific
heat capacity) is simply proportional to the values for the solid material and air
weighed with their respective volume fractions. The coupled system of nonlinear
equations is solved numerically. The authors choose the microwave heating regime
in which the temperature distribution in the ceramic material is (almost) uniform and
compare the microwave process with the conventional one in which the temperature
is assumed to grow uniformly at the same heating rate. Naturally, no difference is
observed in the obtained evolution of porosity and grain size. This result is trivial
because neither the differences in the temperature distribution and/or evolution nor
the microwave nonthermal effects have been taken into account in this comparison.

A simulation of microwave sintering of solid oxide fuel cell materials [66] utilizes
a continuum sintering model with some empirical parameters and takes into account
the evolution of the powder particle size distribution. The electromagnetic field is
assumed to be decaying exponentially from the surface into the bulk of the material.
The effective diffusivity under microwave heating is assumed to have a lower
activation energy due to the nonthermal microwave influence, and, in addition, the
microwave absorptivity is related to the specific surface area of the powder (that
varies in the course of simulation due to grain coarsening). As a result of numerical
modeling in the 2D geometry, the density and particle size evolution with time
is obtained along with the changes in the dimensions of the samples.

A full-scale comprehensive microwave sintering simulation that combines the
numerical solution of Maxwell equations, thermal conduction equation, and the
evolution equations for the relative density and grain size has been developed by
Riedel and Svoboda [67]. The finite-difference electromagnetic simulation is
implemented for the oscillation modes of the cylindrical cavity applicator with a
zero azimuthal index. To save the computation time, the electromagnetic simulation
is repeated once in a hundred time steps for the thermal conduction and densification/
grain growth simulation. The cavity tuning (that changes due to the evolution of the
ceramic workpiece properties) is adjusted automatically via the frequency shift. The
numerical model is capable of describing the influence of the sintering process on the
evolution of thermal instabilities during microwave heating. As a final result of the
simulation, density and grain size distributions are obtained for the sintered product.
Being a comprehensive example of the electromagnetic–thermal–mechanical-
coupled solution of a microwave sintering problem, this modeling framework is
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lacking consideration of the impact of the microwave nonthermal effects on the
sintering process. Incorporation of these effects is one of the important tasks for the
multiphysics models of microwave sintering.

7.6 Experimental Evidence of Microwave Nonthermal
Effects

Microwave sintering has become an important field for investigations of direct
electromagnetic field contributions into mass transfer. From a physical standpoint,
one should distinguish between “microwave effects” of thermal and nonthermal
origin. The problem of nonthermal microwave effects has become one of the most
controversial issues in the literature on high-temperature microwave processing of
materials. In essence, it is related to the principal difference between the microwave
and conventional processes that lies in the nature of their energy sources. In
the microwave processes, a coherent electromagnetic field drives an oscillatory
motion of the charged particles. In the conventional processes, the energy exchange
between the furnace and material is mostly provided by means of quasi-equilibrium
thermal electromagnetic radiation that has a continuous spectrum, predominantly in
the infrared range. The process of thermal radiation absorption in the material is
usually viewed as excitation of oscillations that have an equilibrium spectrum
(described by the Maxwell–Boltzmann statistics). As most materials are not trans-
parent for the infrared radiation, its absorption occurs mostly at the external surface
of the solid, from where heat is transferred to the bulk by thermal conduction. It is
sufficient to describe the state of the solid statistically, i.e., assume that motion of all
forms can be described by one variable, the temperature. Changes in the temperature
of the solid mean slow evolution of the spectrum, which at all times remains quasi-
equilibrium.

The temperature field dynamics data are commonly used as a basis for compar-
isons between different processes, including those utilizing microwaves. In princi-
ple, the term “microwave effect” or, more strictly, “microwave field nonthermal
effect” should be reserved for the deviations in the microwave processes from
the conventional ones that occur given the identical temperature dynamics, T(r, t)
in these processes. In practice, at least two general problems challenge the identifi-
cation of the nonthermal effects. One of them is inaccurate or incomplete tempera-
ture measurements [68]. The second problem is that it is impossible to devise a pair
including a microwave and a conventional process that would have identical tem-
perature fields. In particular, due to volumetric energy deposition and surface heat
loss, it is not possible to implement a microwave process with a uniform temperature
distribution in the material undergoing processing. Unless there is no microwave
absorption within the material, such as in the susceptor-assisted microwave heating,
temperature gradients are an inherent attribute of microwave heating, and the effects
caused by them will always contribute to differences in the process flow. Possible
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mechanisms of thermal gradients influence are, for example, thermoelastic stresses
[69] and thermal diffusion [70, 71]. However, both experimental [20, 72] and
theoretical [58] studies suggest that temperature gradients are generally not the
main reason for enhanced mass transport rates in microwave processing. The same
can be said about the microscopic temperature gradients that were speculated to arise
due to localized microwave heating of grain boundaries, whose absorption properties
are higher than those of the bulk [73]. The thermal conduction equilibrates the
temperature efficiently, and it has been argued that no significant temperature
differences can arise between the grain boundary and the bulk [74].

The microwave field nonthermal effect is associated with non-equilibrium exci-
tations in the solid. In contrast to thermal radiation, electromagnetic waves in the
microwave and millimeter-wave range penetrate most dielectric materials and are
absorbed in their volume. The primary mechanism of absorption is excitation of
electron oscillation at the frequency of the microwave source. This means that all
absorbed energy is for a certain time contained in non-equilibrium modes. The
fraction of energy stored in the non-equilibrium excitations is determined by the
time constant of the process. For a uniform solid, it is generally negligible. The
presence of defects, however, can increase the lifetime of the non-equilibrium
excitations. Probably, the most obvious example is vacancy diffusion, which can
convert a portion of the microwave field energy into the energy of ion oscillatory
migration on the lattice. In particular, rotation of bivacancy dipoles has been shown
to modify the microwave absorption behavior of ceramics [75].

The motion of charged particles under the action of electromagnetic field can lead
not only to heating. In principle, the field can influence interactions between the
particles and/or the transport phenomena. The estimates suggest that under the
conditions of microwave processing of materials, the field strength is usually too
low to cause noticeable changes in the interaction of particles, i.e., a direct influence
of the electromagnetic field on the rates of chemical reactions should be negligible
[76]. Therefore, the influence on the transport phenomena should be viewed as the
main mechanism of nonthermal microwave effect. In this manner, the microwave
field should be also capable of influencing chemical and phase transformations in
solids where they are often limited by mass transport [77].

There are many experimental observations that suggest a nonthermal influence of
the microwave fields on mass transport. One of the first, yet still not explained in full,
was the enhancement of oxygen diffusion in sapphire crystals heated in a 28 GHz
millimeter-wave furnace, as reported by Janney et al. [12]. The evolution of the
spatial distribution of oxygen tracer isotope concentration was investigated within a
layer with a thickness of the order of 1 μm, in which the temperature could be
considered constant. A 40% decrease in the apparent activation energy for diffusion
was observed under millimeter-wave heating, as compared with conventional
heating. Similarly, the activation energy for grain growth during millimeter-wave
annealing of sintered fine-grain alumina was found to be 20% lower compared with
conventional heating [78].

The microwave influence on atom diffusion has been reported in a number of
studies. A half-order of magnitude increase in the pre-exponential factor has been
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observed in the microwave synthesis of titanium carbide by carbothermal reduction
in TiO2 [79], whereas the activation energies were the same for the microwave
and conventional processes within the experimental error. A very similar result
was obtained in a study of the synthesis of lead titanate from lead and titanium
oxides, where the process of reaction front propagation is limited by bulk
diffusion [80].

The activation energy has also been found to be the same for conventional and
microwave heating in the process of interdiffusion in the semiconductor hetero-
structure system InGaAs [81] although the pre-exponential factor in this case was
lower for microwave heating than for conventional heating. In the studies of creep
deformation of nanostructured alumina-based ceramics under microwave heating
[82, 83], it has been found that the apparent activation energy of creep (which is
based on grain-boundary diffusion) is lower than the values for the same ceramic
compositions heated conventionally.

Lee et al. [84] studied the microwave influence on the annealing process of thin
amorphous silicon films. Due to a small thickness of the films, the temperature
variations were also negligible. It has been found that microwave annealing not only
accelerates crystallization in the films but also enhances the process of hydrogen
removal, which is known to be diffusion-controlled under conventional heating.
Rowley et al. [85] discovered that microwaves enhance the process of bulk oxygen-
ation of dense YBCO ceramics. The temperature in these experiments was indepen-
dently verified by measuring the equilibrium oxygen content, which is highly
temperature-sensitive. The microwave influence on the diffusion healing of cracks
was analyzed on thin plates of polycrystalline alumina [86]. The diffusivity was
found to increase monotonically with the microwave power. However, in contrast
to Ref. [12], the activation energy for diffusion under microwave heating was
greater than under conventional heating.

The influence of millimeter-wave annealing on interdiffusion in KCl–KBr diffu-
sion couples was studied in Ref. [87]. It should be noted that the processes consid-
ered in the above-listed studies [84–87] were not purely volumetric but included
the surface or interface phenomena; therefore, their rates depend not only on the
volume diffusivity but also on the boundary conditions that include the exchange
kinetic coefficients. The microwave effect on the surface kinetics was studied [88]
for the transport of oxygen in partially stabilized zirconia. It has been found that
whereas microwave heating does not influence the volume diffusion coefficient, the
surface exchange kinetic coefficients are higher by about an order of magnitude
under microwave heating compared with conventional heating.

A significant body of evidence for nonthermal effects has been obtained in the
experiments on microwave sintering. A reduction in the apparent activation energy
of densification was observed by Bykov et al. [89] for the millimeter-wave sintering
of Si3N4 ceramics. By varying the heating rate, it was demonstrated that the
magnitude of this reduction correlated with the absorbed microwave power, and
this could not be attributed to the effect of temperature gradients. A detailed
investigation of the nonthermal effects during microwave sintering was accom-
plished by Wroe and Rowley [90] via studying the dependency of the densification
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rate on the microwave power. The identity of the temperature–time schedules was
ensured by simultaneously using microwave and conventional heating each having
a controlled power. The results proved that the observed enhancement of densifica-
tion correlates with the microwave power and not the temperature and is, therefore,
of a nonthermal nature. A similar approach was further developed by investigating
the sintering kinetics under hybrid heating with a varying proportion of microwave/
conventional power while maintaining identical temperature–time schedules
[20, 91]. The results of the experiments have demonstrated that the achieved density
for a given temperature is increased by increasing the microwave power and the
effect is more pronounced when the ceramic material possesses higher microwave
absorptivity. The temperature gradients were assessed and found too small to be the
cause of the observed effect.

The results of a comparative study of the closed porosity evolution upon micro-
wave and conventional sintering accomplished by Willert-Porada [92] are of special
importance for understanding the mechanism of the nonthermal microwave effect. It
is known that the size of large pores surrounded by a large number of grains cannot
be reduced by the capillary forces [93]. Therefore, the changes in the evolution of the
closed porosity under microwave heating observed in Ref. [92] are not only evidence
of the changes in mass transport but also suggest that microwaves produce a new
driving force for this process. Similar conclusions can be drawn from the studies
of the microwave influence on the formation and decomposition of solid solutions
[94–97].

A direct observation of nonthermal microwave mass transport enhancement has
been made in the experiments on microwave heating of thin amorphous alumina
membranes with a regular structure of cylindrical pores with a diameter of tens of
nanometers [98]. Small thickness of the membranes (10–20 μm) eliminated the
influence of temperature gradients. The observed enhancement of the closure pro-
cess of the pores of such a small diameter suggests that microwave nonthermal
effects can be strong enough to compete with very high capillary stresses typical for
such pores. Furthermore, a correlation of the pore closure rates with the electric field
strength has been demonstrated [99].

One of the most convincing demonstrations of the nonthermal nature of the micro-
wave-enhanced mass transport is the study of the orientation dependence of diffu-
sion during heating by a linearly polarized microwave field. It has been shown by
Whittaker [13] that the rate of diffusion mass transport in sintered diffusion couples
is much higher along the electric field vector than across it. In a more recent study by
Link et al. [100, 101], the anisotropy of pores formed in ceramics under microwave
heating has been demonstrated. It has been shown that the pores are prevailingly
elongated across the electric field vector. In addition, there have been a number of
studies demonstrating that the temperature of solid-state phase transformations is
changed under microwave heating [14, 91, 102–104]. The effect on phase trans-
formations has been shown to depend on the microwave electric field strength
[105]. Also, decrystallization of ferrite materials [106] and titanium oxide [107]
has been observed as a result of heating in a magnetic field maximum of a single-
mode microwave cavity.

7.6 Experimental Evidence of Microwave Nonthermal Effects 251



7.7 Models of Microwave Nonthermal Effects in Solids

The experimental observation of the nonthermal effects involved in microwave
sintering has stimulated development of a number of hypotheses and models
attempting to explain them by suggesting a specific physical mechanism. Initially,
a microwave influence on the transport coefficients in the solid was proposed
[108–110]. However, the electric field strength required for the effect to be notice-
able exceeds the values that are typical for the microwave processing by orders of
magnitude [111]. There have been attempts to develop models of the microwave
heating processes based on thermodynamic considerations, accounting for the extra
term in the free energy associated with microwave-induced polarization [112] or
postulating the change in the vacancy formation energy under microwave field
[113]. A generalized approach to the description of microwave heating accounting
for irreversible processes within the framework of non-equilibrium thermodynamics
has been presented in Ref. [114]; however, no quantitative assessment of the
microwave effects’ significance has been accomplished.

Due to the perturbations of alternating drift vacancy flows near pore surfaces that
have limited permeability for vacancies, the averaged product of the electric field and
the charge density is nonzero, which leads to nonlinear “rectification” of the vacancy
currents and gives rise to steady-state driving force for the vacancy flows that is
proportional to |E|2 [115]. The nature of this force is similar to the ponderomotive
force known in plasma physics and electronics.

The origin of ponderomotive forces is the interaction of the microwave field with
the effective electric charges of vacancies. In ionic crystals, vacancies can be treated
as isolated point defects with effective electric charges equal to the magnitude and
opposite to the sign of the corresponding ions [116]. For the modeling of
electromigration and diffusion processes, it is convenient to deal with the migration
of vacancies, bearing in mind that real mass transfer is provided by ion migration
[117]. The combination of diffusion and electromigration fluxes for any type of
vacancies can be described as
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where Cv, D, and q are the vacancy concentration, diffusivity, and effective elec-
tric charge, respectively. The first term describes diffusion and the second one
represents electromigration. Due to oscillations of the electric field during micro-
wave sintering, the average electromigration mass transfer is, in general, equal
to zero.

Different hypotheses about the physical nature of this rectification can be put
forward. For the typical conditions of microwave sintering, the amplitude of the drift
part of the flux exceeds the diffusion part by 2–3 orders of magnitude. However, the
drift flux oscillates at the microwave frequency and needs to be “rectified” through a
mechanism that transforms oscillatory vacancy motion into its monotonic drift. Such
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nonlinear rectification can be caused by perturbations of the vacancy flow near pore
surfaces that have limited permeability for vacancies. Rybakov et al. [118] and
Olevsky et al. [119] suggested that there exists a very steep gradient of the surface
diffusivity with distance from the surface. It is known that surface diffusivity is
active not just at the surface of a powder particle, but also within several atomic
layers under the surface. At the distance δs, the diffusivity along the surface is
changed from the typical values of the surface diffusivity to the typical values of
volume (a four- to five-order decrease in the diffusivity depending on the temperature
and the material).

The oscillating component of an electric field, normal to the free surface moves
positive and negative vacancies of a ceramic material to the free surface. The
concentration of vacancies builds up in a thin layer near the surface when the electric
field drives them toward the surface and/or is depleted during the next half-period
when the field changes its direction and drives them from the surface into the bulk.
Because of the diffusivity difference, the flux of the non-equilibrium vacancies along
a free surface under the influence of the tangential electric field component is much
faster than the flux of the opposite-sign vacancies in the bulk of the material in the
vicinity of a free surface.

While the normal component of the electric field moves positive vacancies to the
surface, the tangential component shifts them to the contact. The same is valid for the
negative vacancies during the next half-period of the oscillation. As a result of the
in-phase motion of vacancies with the electric field, there is a systematic
“ponderomotive” material transport along the surface. Vacancy flux means matter
flux in the opposite direction. When vacancies move to the contact, the matter flux is
directed from the contact to the surface. In modeling performed in Refs. [118, 119],
the mobility of vacancies inside the body is considered negligible in comparison
with the surface mobility. This makes the results of those calculations the upper
bound for the electromigration mass transfer. The important detail of this rectifica-
tion mechanism is the existence of non-equilibrium vacancies at the surface during
oscillations.

The existence of an equilibrium surface concentration of vacancies means that
vacancies do not immediately disappear when approaching the surface. It is reason-
able to assume that the rate of vacancy annihilation at the surface is proportional to
the deviation of vacancy concentration from the equilibrium concentration [111]. If
the frequency of the electromagnetic radiation is high enough, such as in the case of
microwave sintering, then the complete annihilation of the excess free surface
vacancies does not occur during the period of the oscillations and some drift of
non-equilibrium vacancies takes place. Experimentally, the existence of this material
transfer was observed during microwave heating of a material with spherical pores
[120]. In general, this effect can be readily detected on any flat surface during
microwave heating: after being heated in a polarized microwave field, any flat
surface must gain some slope due to the “rectified” mass transfer. This effect can
be a subject for the future experiments. At the initial stage of sintering, the very
geometry of the powder material leads to the polarization and intensification of the
microwave radiation in the vicinity of inter-particle contacts [121]. Figure 7.4 shows
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the intensification of the electric field at the contact between the particles when the
average amplitude of the external electric field is assumed to be 105 Vm�1. As a
result, the ponderomotive material transport significantly influences the contact
growth during sintering.

It is known from classical electrodynamics that when the electric field vector is
perpendicular to the bisecting plane of a dihedral angle, the field strength increases
without limit upon approaching the angle vertex, whereas when the field vector lies
within this plane, it vanishes. It has been argued [122] that for the former case of field
orientation, the mass flow resulting from the ponderomotive effect is directed from
the grain boundary into the pore, and for the latter case, the direction of the mass flow
is reverse. While the grain boundaries in a ceramic sample undergoing microwave
sintering are oriented randomly with respect to the E-field vector, it is important that
the former effect is much stronger, due to a higher field strength, and, therefore, the
net contribution of the ponderomotive effect into the pore closure is positive.

In accordance with these considerations, Rybakov et al. [118] have accomplished
a numerical simulation of the pore closure due to the microwave ponderomotive
effect in ceramics. The ponderomotive effect on densification during sintering has
been analyzed in terms of a continuum sintering model [123–125]. In order to
demonstrate the most significant aspects of the effect, the model space comprised
a regular rectangular array of rhombic pores [126]. A representative element of the
model space is shown in Fig. 7.5.

The values obtained for the normal and tangential E-field components on the pore
surface are utilized to compute the 2D area displaced from the grain boundary into
the pore in one time step. Then the vertical shrinkage of the model space is
calculated, and the mesh is modified accordingly to account for densification. The
obtained results made it possible to describe the evolution of porosity. A comparison
of the conventional sintering process (free sintering) and that assisted by microwaves
was made based on the calculation of the ratio of the characteristic sintering times for
these two processes:

Fig. 7.4 Electric field
concentration at the neck
between the particles and
streamlines of the electric
field near the particles
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where Cv0 is the concentration of vacancies, α is the coefficient of surface tension,
δgb is the grain-boundary thickness, d is the grain size, and E0 is the field strength.

The ratio of the characteristic times of the two sintering processes was calculated
to be close to 1 taking Cv0¼10�5, α¼1 J m�2, δgb¼10�9 m, d¼10�6 m and
E0¼3 �104 V m�1, which means that under the chosen conditions, the contribution
of the microwave ponderomotive effect to sintering is significant. For the detailed
mechanism of pore closure due to the ponderomotive effect of microwave field, the
reader is referred to Ref. [31].

The demonstrated effect will remain even if the greater part of the pore surface is
curved instead of flat, as long as the dihedral angles that are responsible for E-field
enhancement are present near the grain-boundary edges. If the pore shape, assumed
to remain constant for the sake of simplicity, is allowed to change during the
sintering process, the ponderomotive effect will result in the removal of the material
from the regions, where the field is enhanced, and its accumulation in other corners
of the pore. Therefore, in a linearly polarized microwave electric field, the pores will
elongate across the electric field vector, in exact agreement with the experimental
observations [120].

In the course of sintering, the pore surfaces will tend to smoothen due to surface
diffusion, and the pore shape will change from faceted to ellipsoid. The electric field
will still be enhanced in this configuration, but not to infinite strength. Therefore, the
resulting ponderomotive contribution to densification will be most pronounced in the
initial stages of sintering and decrease toward the end of the sintering process. This is
in agreement with most comparative studies of microwave vs. conventional

Fig. 7.5 A representative
element of the model space:
a rhombic pore surrounded
by four ceramic grains. The
E-field distribution within
pores (lines) and preferred
directions of the mass flow
(arrows) are shown
schematically (Preprinted
from Rybakov et al.
[118]. Copyright (2012),
with permission from
Elsevier))
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sintering, which report the most drastic differences in kinetics in the early stages
of densification. However, it should also be noted that the ponderomotive effect
can be relevant in microwave sintering of nanocrystalline materials, in which the
pore surfaces tend to retain a faceted shape reflecting the material crystalline
structure [127].

Theoretical considerations related to the action of ponderomotive forces were
further developed by Olevsky et al. [119], who performed assessment of the contri-
butions of the ponderomotive effect to the kinetics of single contact growth during
sintering. The direction of vacancy drift depends on the direction of the electric field
at the surface. For example, streamlines in Fig. 7.6 show the directions of the
considered electric field near the contact of two dielectric particles. It is clear from
the geometry of streamlines that if the normal component of the electric field is
directed outside the particle in the vicinity of the contact, then its tangential compo-
nent is directed to the contact. While the normal component of the electric field
moves positive vacancies to the surface, the tangential component shifts them to the
contact. The same is valid for the negative vacancies during the next half-period of
oscillations. As a result of the in-phase motion of vacancies with the electric field,
there is a systematic “ponderomotive” material transport along the surface.

In the modeling of microwave sintering, it should be found in what form the
macroscopic electromagnetic field manifests itself at the microscopic level of pow-
der particles. For this purpose, the homogenization theory for periodic media can be
used [128]. The geometry of the unit cell of a powder material used by Olevsky et al.
[119] is shown in Fig. 7.6. It consists of two spherical particles with a single place of
contact between them and some space around these particles. It was assumed that the
external electric field has only one component directed along the center-to-center
line of the particles. The formulation of the microwave heating problem for this unit
cell followed the approach proposed in Ref. [129]. The modeling of the diffusion
processes in the designed unit cell is based on the approach developed earlier
[130]. Olevsky et al. [119] consider grain-boundary diffusion and surface diffusion
to be the main mechanisms of the matter redistribution. This is the case for the

Fig. 7.6 Unit cell of the
powder material used for
modeling in Olevsky et al.
[119]
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sintering of fine powders and nanopowders. From the symmetry considerations, it is
clear that the middle line at the particle surface between the different necks is the line
of zero matter transport across it and the diffusion matter transport is equal to zero at
the intersection of the particle boundaries with the boundaries of the unit cell. The
model describes the consolidation processes only for the first stage of sintering with
porosity higher than 0.1–0.15 when single necks between particles are discernible
[131]. The manifestations of the ponderomotive effects are the most pronounced at
this stage.

In Ref. [119], the relative rate of the grain-boundary diffusion and surface
diffusion was estimated through the following parameter:

ξ ¼ δgDg

δsDs
, ð7:13Þ

where δs is the thickness of the surface layer, in which diffusion takes place, Ds is the
surface diffusivity, δg is the grain-boundary thickness, and Dg is the grain-boundary
diffusivity.

The parameter ξ is an indicator of the process non-equilibrium. If ξ is small (ξ is
equal to or less than 0.01), then the rapid matter redistribution by surface diffusion
keeps the free surfaces of the particles close to their equilibrium positions through
the whole sintering process. For larger ξ values, the matter redistribution is in
substantial non-equilibrium. In general, the full spectrum of sintering conditions in
the present model can be described through the variations of the two independent
parameters: ξ and ψ. The dihedral angle ψ is assumed to be constant and equal to
0.8π in all the calculations, which lies within the typical range for ceramic materials
[132]. The parameter ξ was taken equal to 0.001. The utilized numerical approach
was based on the method of lines where all the derivatives along the surfaces in the
equation for matter fluxes are replaced by their finite-difference approximations. An
implicit numerical scheme has been used for the approximation of the time deriva-
tives. The details of the numerical approach for diffusion modeling can be found
in Ref. [130]. The numerical calculations allowed the prediction of the evolution of
the distances between particles, neck radii, and particle shapes for different values of
ξ. Modeling of the contact formation assumed parallel calculations of the electric
field evolution around the particles and of the mass transfer produced by diffusion
and electromigration. The average electromigration matter flux along the particle
surface

JE ¼ DsΩ
kT

ε0ε
002

ε02 þ ε002 E
outð Þ
τ E outð Þ

n , ð7:14Þ

where Ds is the surface diffusivity, Ω is the atomic volume, ε
0
and ε

00
are the real and

imaginary parts of the dielectric constant ε, andE outð Þ
τ andE outð Þ

n are the tangential and
normal components of the electric field outside the particles.

Unlike the traditional surface diffusion, the electromigration surface flux does not
depend on the thickness of the surface layer. The electromigration flux is the surface
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matter flux that modifies the common surface diffusion matter flux. The vacancy flux
JE is directed along the surface to the place of contact between the particles. It is
important to note the specifics of the electric field distribution at the particle surfaces.
The results of electric field calculations at the particle surfaces during sintering
demonstrate that the electromigration flux reaches considerable values only in the
vicinity of the triple line of contact. The matter flux in the triple point is directed from
the neck to the surface of the particles, and because of the flux continuity condition,
the same flux must be induced from the contact to the triple point. Therefore, the
matter transport from the grain boundary to the surface increases. As a result, the
volume shrinkage during microwave sintering exceeds that taking place during
conventional sintering. The increase in the shrinkage rate can be estimated through
the fictional additional compressive stress at the contact between particles that
corresponds to the additional electromigration matter flux:

p ¼ ε0ε
002

ε02 þ ε002 max E outð Þ
τ E outð Þ

n

�� ��
Γ
X

ξδg
, ð7:15Þ

where X is the neck radius and max E outð Þ
τ E outð Þ

n

�� ��
Γ is calculated at the particle

boundaries. It can be seen from the equation above that the additional pressure
is proportional to the squared surface conductivity through ε

00
and it is inversely

proportional to the diffusivity ratio ξ . The additional pressure p as a function of the
neck radius is shown in Fig. 7.7 [119]. It can be seen that in some cases the additional
pressure is of the same order of magnitude or exceeds the values of the sintering
stress observed in the experiments on traditional sintering (0.1–10 MPa) [131]. The

Fig. 7.7 Additional compressive stress at the contact between the particles as a function of the
dimensionless neck radius [119]
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parameter ξ is a function of temperature. If the activation energy of grain-boundary
diffusion exceeds the activation energy of surface diffusion, which is usually the
case, then ξ exponentially increases with the temperature. The calculations show that
the product E outð Þ

τ E outð Þ
n

�� ��X decreases with the neck radius. Therefore, the effect of the
nonthermal mass transfer during microwave sintering is more pronounced for
comparatively low temperatures (for small ξ) at the initial sintering stage.

The compressive stress is proportional to the intensity of the electric field at the
inter-particle neck and inversely proportional to the ratio of the grain-boundary and
surface diffusivities. Based on these modeling results, it can be concluded that
the electromigration matter transport can substantially accelerate shrinkage during
microwave sintering in comparison with conventional sintering.

The account for the quasi-electrostatic microwave field intensification at the
dihedral angle on the pore surface near grain-boundary edge has made it possible
to explain enhanced closure of thermodynamically stable faceted pores. The
ponderomotive effect can be observed in materials, in which there is a small fraction
of defects (such as vacancies) that are mobile and possess a significantly higher
electric susceptibility compared with an average site in the crystalline lattice.
A necessary condition for the ponderomotive effects is the presence of macroscopic
structural nonuniformities in the material, such as pore surfaces and/or grain bound-
aries. The contribution of the microwave electromagnetic field effect to the densifi-
cation rate is calculated starting from a model of the ponderomotive effect in the
vicinity of an individual pore and then averaging over an array of such pores.
The following issues are critical for the effect to be pronounced during sintering:
(1) pore surfaces and grain boundaries possess limited permeability for the high-
frequency vacancy flows; (2) the electric field is intensified quasi-electrostatically in
the vicinity of dihedral angles at pore–grain-boundary junctions; and (3) significant
microwave absorption is associated with the transport of mobile vacancies (or other
mobile defects) in the material. As a result, it has been demonstrated that the role
of the ponderomotive effect in enhanced densification can be highly significant
under realistic microwave sintering conditions. Most experimentally observed non-
thermal effects in high-temperature microwave processing discussed above are
consistent with the ponderomotive model. These effects are more pronounced in
the materials with higher ionic conductivity (hence vacancy mobility); the effects
scale with the absorbed microwave power (or electric field square); the affected mass
transport mechanisms are surface and grain-boundary diffusion, but rarely volume
diffusion; in the case of linear polarization of the field, there is an anisotropy of the
effect.
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7.8 Grain Growth During Microwave Sintering

Although experimental efforts have been focused on the analyses of the kinetics of
grain growth during microwave sintering [78], no reliable model is available yet to
describe this important aspect of the microwave-assisted processing. Some studies
included conventional models of grain growth for the modeling of the coupled
densification – microstructure evolution kinetics during microwave sintering
[65, 67]. No electromagnetic field effects have been included in this kind of studies.

Raj et al. [133] put forward a concept of microwave sintering densification and
grain growth affected by the overheating of the grain-boundary regions; this issue
was also analyzed by Johnson [74] when, in the beginning of the 1990s, the specifics
of microwave plasma sintering were actively discussed. Overall, this important
aspect of microwave sintering is clearly underdeveloped. At the same time, its
importance cannot be underestimated, as one of the frequently claimed expected
advantages of the microwave sintering is the grain size retention.

7.9 Selected Examples of Materials Consolidated by
Microwave Sintering

This section discusses experimental approaches to improve the structural uniformity
of the sintered samples and presents examples of the microstructure evolution of
microwave sintered materials and practical applications of microwave sintering.

Holcombe and Dykes [134] showed that “casketing” – surrounding samples that
are microwave susceptors themselves with coarse dense granules of materials
transmitting infrared radiation – is important for obtaining uniform microstructures
and avoid cracking related to thermal stresses. Granules of yttria, alumina, or
magnesia can be used for this purpose. The presence of granules in contact with
the sample minimizes the temperature difference between the sample’s surface and
its interior for microwave-absorbing materials, as heat that radiates away from the
surface is reduced. Using casket arrangements, crack-free LiH and TiB2-based
pellets were obtained. Without casketing, crack in the sintered pellets were
unavoidable.

The temperature homogeneity can also be improved by hybrid heating, in which
case an external heat flux comes from a susceptor to the sample coupled to micro-
waves. As has been shown theoretically by Manière et al. [135, 136], during direct
microwave heating, materials dissipating microwave power show inherent heating
instability, which may cause non-reproducible experimental results. In contrast to
hybrid heating, direct heating configurations favor the formation of hot spots
resulting in nonhomogeneous densification and shape distortions of the specimen
(Fig. 7.8).

Hybrid heating configurations reduce thermal inhomogeneity and lead to densi-
fication homogenization. Consequently, with the use of hybrid heating, densification
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of the specimen is achieved without shape distortions. Charmond et al. [137]
observed differences in the grain size between the top, center, and bottom of
yttria-stabilized tetragonal zirconia compacts obtained by direct heating microwave
sintering.

Agarwal [138] reported successful microwave sintering of a number of pure
metals and steels. An important result is a possibility of sintering refractory metals
by microwaves at much lower temperatures than those required in conventional
sintering. Thus, a molybdenum powder was sintered by microwaves at 1600 �C with
a holding time of 1 min to a relative density of 98% while retaining the grain size in
the submicron range. Anklekar et al. [139] found that the sintered density values of
the conventionally sintered and microwave sintered copper and nickel steel parts
were very close to each other. However, mechanical properties of the microwave
sintered parts showed a marked improvement over those of the conventionally
sintered parts. This was explained by the different microstructures and porosity

Fig. 7.8 Fully coupled electromagnetic–thermal–mechanical finite element modeling of relative
density (RD) and temperature fields for the direct 3Y-ZrO2 sample heating configuration (initial
sample diameter is 7 mm). (Reprinted from Manière et al. [136], Copyright (2017) with permission
of John Wiley & Sons)
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distributions, those of the microwave sintered parts favoring better mechanical
properties. Optical images of the sintered FC-0208 (Fe-2Cu-0.8C) alloy (Fig. 7.9)
showed the presence of interconnected and isolated pores having distinct character-
istics depending on the sintering method: in the microwave sintered part, the pores
are smooth and rounded having very few stress concentration regions, while in the
conventionally sintered part, the pores have sharp edges and triangular or wedge
shapes with a lot of stress concentration regions. As was mentioned above, the
density difference between these sintered parts was only minor: 6.94 g�cm�3 for the
microwave and 6.90 g�cm�3 for the conventionally sintered material The toughness
parameter of the sintered parts was determined on cylindrical tubular samples as a
measure of ductility of the materials by using the following equation: K¼P(D-t)/Lt2,
where P is the crushing strength or the minimum load for failure, L is the length of
the cylindrical tubular sample, D is the outer diameter of the cylindrical tubular
sample, and t is the wall thickness of the cylindrical tubular sample. The toughness
parameter for materials, whose microstructures are shown in Fig. 7.8, was 637 MPa
and 475 MPa for the microwave and conventionally sintered material, respectively.
In addition to the pore shape differences, the microstructures of the microwave and
conventionally sintered parts showed a difference in the character of distribution of
copper – the alloying element – in the iron matrix. An altered distribution of alloying
elements is believed to be another factor contributing to better mechanical properties
of the microwave sintered alloyed steel parts.

The microwave sintering-induced dissolution–precipitation mechanism of grain
growth was addressed by Bao and Yi [140]. They reported a lower activation energy
for grain growth of tungsten carbide WC in WC–8Co cemented carbides processed
by microwave sintering: the activation energy for conventionally sintered materials
was found to be twice as high as that determined for microwave sintered cemented
carbides. Based on these results, it was concluded that different mechanisms operate

Fig. 7.9 Optical micrographs of FC-0208 (Fe-2Cu-0.8C) sintered at 1260 �C for 20 min in a
reducing atmosphere: (a) microwave sintering, (b) conventional sintering (Reprinted from
Anklekar et al. [139]. Copyright (2005) The Institute of Materials, Minerals and Mining, by
permission of Taylor & Francis Ltd., www.tandfonline.com, on behalf of The Institute of Materials,
Minerals and Mining)
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in these two sintering processes. It was suggested that local hot spots form in the
microwave sintered WC–8Co and are associated with cobalt particles and particles
of residual carbon. Within these hot spots, the cobalt binder experiences melting
allowing for local rearrangement of the carbide grains. Furthermore, tungsten and
carbon tend to dissolve into molten cobalt. Both particle rearrangement and the
dissolution–precipitation process during microwave sintering lead to a faster grain
growth as compared with conventional sintering. Despite the fact that grain growth
in microwave sintered WC–8Co was more rapid than in conventionally sintered
counterparts, grains in the microwave sintered materials were smaller due to a
significantly shorter sintering time.

Growth of inter-particle necks during microwave sintering of metals was studied
by Demirskyi et al. [141]. They applied a classical sphere-to-sphere approach to the
analysis of the neck formation between loosely packed copper particles subjected to
microwave treatment. A monolayer of spherical copper particles was placed on a
microwave-transparent mullite substrate, which was then placed on an insulator. No
additional susceptors were used in the experimental setup, which ensured direct
microwave heating only. The neck size was measured both on fractured necks and
contacting particles using scanning electron microscopy images. Similarities
between the microwave and conventional sintering processes were found for long
sintering times. However, during the initial stage of microwave sintering, anomalous
neck growth was revealed. Experimentally determined large n values in (x/a)n~t
relation, where x is the inter-particle neck diameter, a is the particle diameter, and t is
the time, are indicative of nonthermal effects operating during microwave sintering.
Indeed, in experiments on microwave sintering of copper, n was equal to 11.2 at
800 �C. This is a high value, considering n¼ 7 for the classic neck growth by surface
diffusion. After the neck formation was complete, the kinetics of neck growth during
microwave sintering became similar to that found for conventional sintering. Evi-
dence of the formation of a liquid phase at inter-particle contacts was detected in
microwave sintered nickel [141].

In a comparative study of the behavior of Distaloy AE in conventional and
microwave sintering processes [142], it was found that microwave sintered samples
obtained below a certain temperature (1050 �C) showed a better ductility and a
higher strength than their conventionally sintered counterparts obtained at the same
temperature and soaked for the same time. However, there were no significant
differences between the properties of the samples sintered by the two methods at
higher temperatures.

As microwaves are absorbed by metallic powders and are reflected by bulk
metals, it is possible to use microwave power to braze metals and alloys using a
powder brazing layer, which can be selectively heated by microwaves [138]. Using
this approach, steel and cast iron were brazed by microwaves, the required treatment
time being only 2–3 min.

Successful consolidation of metallic powders by microwave sintering allowed
extending its applications to metal matrix composites. Thus, hybrid heating micro-
wave sintering was combined with hot extrusion to produce rod-shape samples of
aluminum matrix composites reinforced with Si3N4 nanoparticles [143] and
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magnesium matrix composites reinforced with SiO2 nanoparticles [144]. The micro-
waves were absorbed internally by the sample, and the radiant heat was also
provided externally from SiC susceptors. Microwave sintering was used to produce
bulk Al-Ni50Ti50 composites, in which the amorphous structure of the Ni50Ti50
reinforcing particles was preserved after sintering [145].

Densification during microwave sintering can be improved by preliminary ball
milling of the powder, as has been proven for a tungsten powder [146]. The
compacts were sintered from the as-received powder and the powder obtained by
high-energy ball milling of the as-received powder. The compact sintered from the
as-received powder by microwaves at 1800 �C with a soaking time of 1 h was 85%
dense, while that sintered from the milled powder under the same conditions was
93% dense. A higher relative density and a higher hardness achieved in the compact
obtained by sintering of the ball milled powder were attributed to a larger specific
surface area of the milled powder relative to the as-received powder and accumula-
tion of strain during milling.

The influence of the powder structure on its behavior in the microwave field was
also addressed in a study by Fang et al. [147], who reported the microwave treatment
effect on alumina samples of different crystallinity. The samples to be sintered were
obtained by thermal treatment of compacts made of a X-ray amorphous powder
(precursor); treatment was conducted at 800–1500 �C. When annealed at 800 and
1000 �C, the powder was still poorly crystallized and contained γ-alumina; traces of
α-alumina appeared after annealing at 1000 �C. Powders preheated up to 1200 �C
and above and sintered samples were single-phase α-Al2O3. The effect of micro-
waves on densification was evaluated by comparing the results with those obtained
by conventional sintering. Sintering was conducted for 10 min at 1500 �C. Densi-
fication of alumina in the microwave field was higher than that achieved in the
conventional process at the same temperature. The maximum enhancement of 60%
was observed for the X-ray amorphous alumina and decreased with an increase in its
crystallinity. These observations were explained by a higher microwave absorption
of the X-ray amorphous alumina compared with well-crystallized α-Al2O3.

Microwave sintering was successfully used to sinter B6O monolithic ceramics
[148], which is prone to decomposition – oxygen loss and formation of
nonstoichiometric B6Ox. Sintering by microwaves was chosen as a means to reduce
the sintering temperature and avoid undesirable decomposition. Cold-pressed and
then cold isostatically pressed compacts with a relative density of 45% were
subjected to microwave treatment. The compacts were placed in a BN crucible
with larger dimensions than those of the compacts and were surrounded by a mixture
of hexagonal BN and tungsten powder. The mixture of BN andW powders acted as a
microwave susceptor. Microwave sintering of compacts cold-pressed from a powder
with 500 nm crystallites at 1850 �C for 5 min resulted in the formation of compacts
with a relative density of more than 98% and grains with a size of 1.4 μm. These
sintering conditions allowed obtaining the best flexural strength to toughness ratio in
B6O (400 MPa and 2.8 MPa�m1/2, respectively).

In the presence of grain growth inhibitors, the advantage of microwave sintering
over conventional sintering is less pronounced than in the case of materials, in which
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grain growth is not inhibited by additives. In microwave sintered alumina containing
a ZrO2 additive (5–15 vol.%), grain growth was governed by the additive, and only a
slight difference was observed between the grain sizes of microwave and conven-
tionally sintered compacts [149]. Compacts sintered by the two methods at the same
temperature (1400 �C) were compared: the microwave sintered materials had a
hardness of 18–19 GPa, and the conventionally sintered materials had a hardness
of 16–17 GPa. This difference in the hardness was due to slightly smaller grains and
higher relative densities of the microwave sintered materials. A shorter sintering
cycle was an advantage of the microwave method for the Al2O3-ZrO2 ceramics: the
holding times were 10 min and 2 h in the microwave and conventional sintering,
respectively.

In the area of materials for medicine, microwave sintering can be used for
sintering of porcelains [150] and zirconia [151] for dental applications. Medeiros
et al. [150] compared results of sintering by hybrid microwave heating with those
obtained by conventional sintering in vacuum. Materials obtained by these two
methods showed close values of porosity, flexural strength, and surface
microhardness. Monaco et al. [151] suggested microwave sintering as a sintering
method ensuring a more uniform microstructure of ZrO2-based ceramics than
conventional sintering. The latter can result in the formation of final components
with microstructural flaws, which are highly undesirable in dental reconstruction.
Microwave sintering in a single-mode applicator allowed reducing the sintering
temperature from 1450 to 1200 �C and shortening the soaking time from 600 to
6 min to produce ZrO2-based ceramics with an apparent porosity of 0.01%. An
advantage of microwave sintering is also in hindering grain growth undesirable from
the viewpoint of mechanical strength of the sintered components. Fast fabrication of
zirconia components by microwave sintering makes it possible to introduce them in
chairside treatments [151].

Microwave sintering was suggested as an efficient method of immobilizing
radioactive soil waste [152]. A way to immobilize radioactive nuclides is to incor-
porate them into a glassy structure. It was found that soil samples experience
vitrification upon high-temperature sintering, microwave sintering being more effi-
cient enabling faster transformation of the crystalline material into a glass phase.
Figure 7.10 shows XRD patterns of the soil sintered by conventional and microwave
sintering at different temperatures. As the temperature during the microwave treat-
ment increased, the transformation degree of the crystalline phases into a glass
increased. The soil sample microwave sintered at 1300 �C for 30 min was fully
vitrified, while the conventionally sintered material sintered at the same temperature
for 2 h was still partially crystalline. Neodymium oxides Nd2O3 was used as a model
contaminant, as the Nd3+ ion has an ionic radius close to those of actinides found in
the contaminated soil and has the same valence with the actinide ions. The selected
microwave sintering conditions were successfully used to produce glassy
Nd-containing phases up to 25 wt.% of Nd2O3. The glassy materials demonstrated
very low neodymium leaching rates, indicating that microwave sintering is a prom-
ising method of the safe disposal of radioactive soil.
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More examples of microwave sintering applications for the processing of metals,
ceramics, and composite materials can be found in reviews by Oghbaei and Mirzaee
[153], Agrawal [154], and Zhao and Chen [155].

7.10 Summary

Microwave sintering is a cross-disciplinary area of technology that requires expertise
in electromagnetism, thermal engineering, and materials science. The optimization
of microwave sintering requires extensive process modeling. While both the funda-
mentals and numerical calculation methods are well established for the electromag-
netic and thermal modeling, extensive computation resources are required for the
simulation of large multimode microwave cavity applicators. In addition, the dielec-
tric property measurements in the entire range of the process temperatures are
important in explaining the microwave absorption characteristics and in the valida-
tion of the modeling results, as this will be crucial for understanding and gaining
industrial confidence on control procedures. The principal direction of the research
in the modeling of microwave sintering can be seen in the development of
multiphysics simulation frameworks that would combine the electromagnetic and

Fig. 7.10 XRD patterns of the soil sintered by conventional sintering at 1300 �C and microwave
sintering at 1100, 1200, and 1300 �C. “M” denotes microwave sintering, “C” – conventional
sintering (Reprinted from Zhang et al. [152]. Copyright (2017), with permission from Elsevier)
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thermal solutions with the advanced sintering models, taking into account micro-
wave sintering-specific constitutive equations. This will make it possible to predict
and optimize density distribution and shrinkage in the final sintered products.
Ultimately, an effective microwave sintering process should enable the manufactur-
ing of components with controllable structure (such as grain size) characteristics and
macroscopic shape. The solution of this kind of problems requires multiscale
approaches and special optimization techniques. Incorporating further advances
into the studies of the nonthermal effects of the microwave electromagnetic field
on mass transport phenomena, the comprehensive modeling should result in the
development and industrial mastering of a microwave sintering technology, capable
of producing high-quality materials with unique microstructures and properties.
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Chapter 8
Induction Heating Sintering

8.1 Principle of Induction Heating Sintering

Induction heating is heating by eddy currents created in an electrically conductive
material by an alternating magnetic field. Similar to Eq. (7.4), the penetration of the
eddy currents D is determined as

D ¼ 1
ffiffiffiffiffiffiffiffiffiffi

πf μσ
p , ð8:1Þ

where f is the frequency, μ is the material magnetic permeability, and σ is the
material electrical conductivity.

Induction sintering was suggested as a less costly process compared with con-
ventional sintering [1], as the induction units are smaller, simpler, and easier to
maintain than conventional sintering furnaces. As induction heating is fast, it can be
conducted without a protective atmosphere. Two schemes are possible that allow
utilizing the effect of induction heating for the sintering of powders. In the first
scheme, a much more common one, a conductive container or a die, playing the role
of a susceptor, is heated by the eddy currents, while the powder in the die is heated
through radiation and thermal conduction [2–4]. This scheme is usually used in
medium- and high-frequency processes. In the second scheme, the eddy currents are
induced directly in the porous compact to be sintered, which is placed inside a coil
carrying a high-frequency alternating current [5]. As significant induced currents can
only be generated in conductors, direct induction sintering requires powder com-
pacts having high electrical conductivity in the beginning of the process. A feature of
the induction sintering technique is the cold environment of the heated compact [5].

Both schemes of induction heating sintering provide fast heating and fast cooling
(the latter happens when the coil current is switched off), dramatically shorten the
sintering time, and ensure energy efficiency. For successful induction sintering
without a susceptor, the compact should be electrically conductive and of a simple
shape to ensure uniform heating. For parts with irregular cross-sections, coils of
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complicated design may be necessary. A dramatic reduction of the sintering time can
be seen from an example given by Hermel et al. [2]: an iron compact induction
sintered for 12 min reaches the strength of the compact conventionally sintered for
60 min at the same temperature.

The energy is efficiently transferred during induction sintering if the following
requirements are satisfied [2]:

• The penetration depth δ should be smaller than the thickness d of the part: 2δ < d.
• The cross-sections of the coil and the sintered part should be similar with small

gaps between them.
• Undesirable thermal gradients should be avoided by selecting optimal heating

rates and penetration depths.

Direct induction sintering is used less frequently than induction sintering with a
susceptor, as direct sintering is conducted without a die and proceeds, therefore,
without the application of pressure.

Conta [6] reported the existence of an incubation period at the beginning of
induction heating of unsintered steel powder compacts at 3 kHz. This incubation
period was due to poor coupling of the metal compact to the induction coil and, as a
result, slow and inefficient heating. Poor coupling was caused by a very high initial
resistance of the material. For eliminating the incubation period problem, preheating
of the material within the reference depth was suggested by either radiation heating
or radio-frequency (RF) induction heating. Preheating resulted in a more than an
order of magnitude reduction in the resistivity and considerable net energy savings
during the subsequent induction heating to the sintering temperature.

Induction heating can be conducted at high rates – from 100 �C�min�1 [7, 8] to
1400 �C�min�1 [9]. As the alternating current is switched off, cooling of the induction
sintered samples occurs at 500–600 �C�min�1 [10, 11]. The temperature during
induction sintering is usually controlled by a pyrometer focused on the wall of the
die. In direct induction sintering, the pyrometer is focused on the specimen’s surface.

Fast densification is characteristic of induction sintering. Kim et al. [10] reported
the formation of nearly fully dense WC–Co by induction heating sintering within
1 min. Figure 8.1 shows the evolution of the specimen’s displacement and the
temperature of the surface of the graphite die (susceptor) with the heating time
during induction heating sintering of WC–15vol.%Co at a pressure of 60 MPa.
When the powder was heated up to 950 �C, no significant shrinkage was observed.
As the temperature was raised to 1180 �C, fast densification occurred resulting in the
formation of a compact with a relative density of 99.4%. Accelerated densification
by induction heating was suggested to be caused by a combination of electrical
discharge, resistance heating, and pressure effects. A possibility of localized heating
at inter-particle contacts causing surface melting and oxide breakdown was also
considered.

Interestingly, in the same study [10], WC–15vol.%Co materials with a relative
density reaching 96.6% were obtained by presureless induction sintering. In those
experiments, compacts with a green density of 52% were subjected to pressureless
sintering for 150–500 s at the maximum temperature of 1150 �C. Figure 8.2
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demonstrates the effect of the sintering time on the relative density of the WC–15vol.
%Co materials. When the heating time was 200 s, a density of about 96.6% was
reached. Rather unexpectedly, when the sintering time was increased, the relative
density of the composite decreased. This effect remained unexplained and, therefore,
requires further investigation.

Fig. 8.1 Variations of the temperature and displacement with the heating time during induction
sintering of WC–15vol.%Co materials at a pressure of 60 MPa. (Reprinted from Kim et al.
[10]. Copyright (2004) with permission from Elsevier)

Fig. 8.2 Variation of the relative density of the WC–15vol.%Co materials with the sintering time
during pressureless induction sintering. (Reprinted from Kim et al. [10]. Copyright (2004) with
permission from Elsevier)
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8.2 Induction Sintering Equipment

In material development studies, the powders are usually placed in a conductive die,
and a uniaxial pressure is applied to the specimen. LaLonde et al. [12] described a
hot-press system, in which a graphite die is RF induction heated, while the sample is
pressed in a load frame (Fig. 8.3). The system can operate under vacuum or a
protective atmosphere. Having successfully sintered PbTe and SiGe thermoelectrics,
which showed properties close to those of the materials produced by conventional
hot pressing for a much longer time, the authors argued that RF induction heating
sintering presents a viable alternative to spark plasma sintering.

In the studies of direct induction sintering of nickel, Guyon et al. [5] used a
facility shown schematically in Fig. 8.4. Induction sintering in a heat-resistant glass
tube was also used by Çivi et al. [13] to sinter iron-based parts.

8.3 High Heating Rates in Induction Heating Sintering

Guyon et al. [5] found that heating of 60% dense nickel compacts cold-pressed at
450 MPa before sintering by eddy currents for 70 s up to 1100 �C (heating rate
900 �C�min�1) without the dwell time at the maximum temperature allows reaching
a relative density of 93%. When slow heating was used, the rim areas of the compact

Fig. 8.3 Schematic of
induction hot press
according to
[12]. (Reprinted from
LaLonde et al.
[12]. Copyright (2011) with
the permission of AIP
Publishing)
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were dense, while the center of the compact remained porous. Upon fast heating, a
uniform heating was obtained. It was concluded that nickel compacts with high
densities, small grain sizes, and homogeneous microstructures can be obtained by
direct induction sintering with processing times much shorter than those used in
conventional sintering. In the area of direct induction sintering, the work conducted
by Guyon et al. is remarkable in the sense that densification enhancement during
induction sintering was discussed as caused by enhancement of diffusion under the
electric current. The same powder was sintered by conventional sintering and
induction heating sintering. During conventional sintering conducted by heating
the compacts at different heating rates up to 1000 �C, at a given temperature, the
relative density was higher when the heating rate was lower, and the temperature
corresponding to the maximum densification rate increased with increasing heating
rate. These observations showed that the powder experienced solid-state sintering.
From the determined value of the activation energy, it was concluded that the
process is controlled by grain-boundary diffusion. The master sintering curve
approach was used to compare the results of induction sintering with those of
conventional sintering. The master sintering curves were extrapolated to the thermal
cycles used in induction sintering. In order to quantify the specific effect of induction
heating on densification, the densities predicted by the master sintering curve
approach adjusted from the conventional sintering data were calculated. At a high
heating rate (900 �C�min�1), the density predicted by the master sintering curve
approach above 900 �C was always lower than the density obtained in the induction
sintering experiments. Based on these results, the authors assumed that a favorable
effect of induction heating on densification was due to a direct influence of the
electric field/current or an indirect influence of the heating method through high
heating rates. Compacts obtained by induction sintering at a heating rate of
25 �C�min�1 showed microstructural differences between the core and the edge
regions. Optical images of the cross-sections of the nickel compacts induction
sintered at heating rates of 25 �C�min�1 and 900 �C�min�1 (heating up to

Fig. 8.4 Schematic of
induction sintering setup
with direct heating of the
sample according to
[5]. (Reprinted from Guyon
et al. [5]. Copyright (2014)
The Institute of Materials,
Minerals and Mining, by
permission of Taylor &
Francis Ltd., www.
tandfonline.com, on behalf
of The Institute of Materials,
Minerals and Mining)
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1000 �C, no dwell time) are shown in Fig. 8.5. SEM images of the core and the edge
of the nickel compact induction sintered at a heating rate of 25 �C�min�1 confirm that
the former is denser than the latter (Fig. 8.6). The thickness of the dense shell is
1–2 mm, which is close to the penetration depth of the eddy currents during
induction sintering. This suggests that inter-particle contacts directly heated by
eddy currents sinter earlier than the contacts in the central part of the specimen,
which are heated only by conduction. Faster sintering of the shell of the compact
may also hinder densification of the central part, the shell acting as an envelope.
Uniform sintering of the compact in experiments conducted at a high heating rate
was explained by a high temperature of the sintering start, at which the electrical
conductivity is lower, the penetration depth of the eddy currents is greater, and the
viscosity of the material is lower weakening the “envelope” effect of the faster
sintered shell.

Fig. 8.5 Optical images of the cross-sections of nickel induction sintered at a heating grate of
25 �C�min�1 (a) and 900 �C�min�1 (b). Heating up to 1000 �C, no dwell time; the relative density
values are given in the upper right corners of the images. Dark areas are denser than light areas.
(Reprinted from Guyon et al. [5]. Copyright (2014) The Institute of Materials, Minerals andMining,
by permission of Taylor & Francis Ltd., www.tandfonline.com, on behalf of The Institute of
Materials, Minerals and Mining)

Fig. 8.6 SEM images of the core (a) and edge (b) of the nickel compact induction sintered at a
heating rate of 25 �C�min�1, heating up to 1000 �C, no dwell time. (Reprinted from Guyon et al.
[5]. Copyright (2014) The Institute of Materials, Minerals and Mining, by permission of Taylor &
Francis Ltd., www.tandfonline.com, on behalf of The Institute of Materials, Minerals and Mining)
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The effect of the heating rate on the sintering outcome was also investigated for
induction sintering with a susceptor [11]. Heating rates that are too high were found
to facilitate the formation of compacts with a low relative density. Magnesium–

hydroxyapatite (Mg–HAp) composites containing 1 wt.% of HAp were induction
sintered at 500 �C and 50 MPa. At first, the relative density and microhardness
increased with increasing heating rate and reached maximum at a heating rate of
400 �C�min�1. At higher heating rates, compacts with lower relative densities and
microhardness were obtained (Fig. 8.7). The authors suggested that as the Mg–HAp
nanopowders were heated from the graphite mold and punches, at high heating rates,
the layers adjacent to the tooling surface were sintered to nearly full density, while
the compact’s interior was not densified. An increase in the heating rate resulted in
an increase in the non-densified volume, and the average relative densities and
microhardness of the compacts decreased. The crystallite size was also greatly
influenced by the heating rate, as can be seen in Fig. 8.8. At high heating rates,
materials with very fine crystallites were obtained. At the same time, the materials
retained porosity, which weakened their mechanical strength and lowered their
hardness. Compacts produced at a heating rate of 400 �C�min�1 showed the best
mechanical properties in this series of tests (Figs. 8.7 and 8.9).

In a study by Kim et al. [9], experiments on induction sintering were set in a
different manner, and conclusions derived from them should not be analyzed
together with the results obtained in Ref. [11]. Binderless tungsten carbide WC
was sintered at the output of the total power ranging from 60% to 90%. As the output
of the total power was increased from 60% to 90%, the heating rate increased from
950 to 1400 �C�min�1. The samples were heated until a plateau on the displacement–
time curve was reached (Fig. 8.10). In these series of experiments, the maximum
temperature was not constant, and this is the main difference between this study and
investigations conducted in Ref. [11]. An increase in the output of the total power

Fig. 8.7 Relative density and microhardness of Mg–HAp composites containing 1 wt.% of HAp
induction sintered at 500 �C and 50 MPa vs. heating rate. (Reprinted from Khalil and Almajid
[11]. Copyright (2011) with permission from Elsevier)
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from 60% to 90% led to an increase in the maximum temperature, shortening of the
time required to reach a plateau on the displacement–time curve (Fig. 8.11). The
relative density of the compacts increased with the output of the total power (and,
hence, with the heating rate).

Fig. 8.8 Fracture surface of Mg–HAp composites containing 1 wt.% of HAp induction sintered at
500 �C and 50 MPa using different heating rates: (a) 200 �C�min�1, (b) 400 �C�min�1, (c)
500 �C�min�1, (d) 1200 �C�min�1. (Reprinted from Khalil and Almajid [11]. Copyright (2011)
with permission from Elsevier)

Fig. 8.9 Maximum compressive stress of Mg–HAp composites containing 1 wt.% of HAp
induction sintered at 500 �C and 50 MPa using different heating rates. (Reprinted from Khalil
and Almajid [11]. Copyright (2011) with permission from Elsevier)
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Fig. 8.10 Variation of temperature and displacement with time during induction sintering of
binderless WC at 60 MPa. (Reprinted from Kim et al. [9]. Copyright (2006) with permission
from Elsevier)

Fig. 8.11 Relative density and time required to reach the plateau on the displacement–time
curve vs. output of the total power during induction sintering of binderless WC at 60 MPa.
(Reprinted from Kim et al. [9]. Copyright (2006) with permission from Elsevier)
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8.4 Selected Examples of Materials Processed by Induction
Heating Sintering

Induction sintering has been proven to be an efficient method for the production of
nanostructured/fine-grained materials by rapid consolidation of powders – metals
[14], single-phase ceramics [9, 15–18], and composites [10, 11, 19–35] – as well as
for the preparation of bulk materials containing metastable phases, which otherwise
(upon conventional sintering) would have transformed into the corresponding
stable phases with a concomitant deterioration of properties of the composites
[7, 8, 36, 37].

Kim et al. [19] sintered WC–10wt.%Co by induction sintering in a graphite die
and produced a compact 99.5% dense with an average grain size of 260 nm within
1 min. The sintered WC–10wt.%Co materials showed a high fracture toughness
(13 MPa�m1/2). Successful sintering in a short time maintaining a small grain size
and enhanced properties of the WC–Co sintered materials was suggested to be the
result of not only high heating rates but also of the intrinsic current effects. An
explanation for increased fracture toughness was suggested based on an increased
solubility of tungsten carbide in cobalt induced by electric current.

Rapid heating and short overall sintering times were used as benefits to sinter
materials containing metastable phases – metallic glasses – avoiding their crystalli-
zation. The amorphous state of the metallic glass should be preserved during
consolidation of the powder mixtures, if the glass is introduced to reinforce a
metal or a metallic alloy [7, 8, 36, 37]. Figure 8.13 shows the microstructure and
the XRD pattern of the magnesium alloy matrix composite reinforced with particles
of Zr57Nb5Cu15.4Ni12.6Al10 metallic glass [7]. The bright particles in the image
(Fig. 8.12a) are particles of the metallic glass, while the dark background is the
magnesium alloy AZ91. Above their glass transition temperatures, metallic glasses
enter a Newtonian flow in the supercooled liquid region ΔTx between the glass
transition Tg and the crystallization Tx temperatures. In the supercooled liquid, the
viscosity of metallic glasses drops drastically, and they become liquid-like. In order
to benefit from this behavior of metallic glass during sintering and use it as a
reinforcement in metal matrix composites, the sintering temperature Tsint was
selected to satisfy the following:

Tg < Tsint < T sol,

where Tsol is the solidus temperature of the matrix alloy. Fast heating (at a rate of
100 ��min�1) and a short holding time (2 min) at the maximum temperature allowed
preserving the amorphous state of the metallic glass, as was confirmed by the XRD
analysis – a halo corresponding to the metallic glass phase was observed at 2θ � 37�

(Fig. 8.12b). In a similar manner, the amorphous state of the Cu54Zr36Ti10 metallic
glass was preserved during consolidation of an aluminum alloy matrix composite with
metallic glass as a reinforcement (Fig. 8.13) [8]. The energy-dispersive spectroscopy
(EDS) data (Fig. 8.13a) confirm the chemical composition of the reinforcing particles
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(spectrum I) and the matrix (spectrum II), while a halo present in the XRD pattern
(Fig. 8.13b) indicates the presence of the amorphous phase in the induction sintered
composite. Attractive mechanical properties in compression were obtained in the
sintered composites, thanks to the introduction of the metallic glass reinforcement
and preservation of its amorphous structure in the sintered state. Crystallization of

Fig. 8.12 Microstructure (a) and XRD pattern (b) of the Mg alloy AZ91–15vol.%
Zr57Nb5Cu15.4Ni12.6Al10 composite induction sintered at 440 �C. The bright particles are particles
of metallic glass (marked by the arrows). (Reprinted from Dudina et al. [7]. Copyright (2009) with
permission from Elsevier)
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metallic glass is undesirable during consolidation as it leads to the formation of a
mixture of brittle intermetallics. The yield strength of the AZ91–15vol.%
Zr57Nb5Cu15.4Ni12.6Al10 induction sintered composite was 330 MPa, which is 2.4
times greater than the yield strength of the matrix alloy AZ91 obtained by casting. The
yield strength of the Al520.0–15vol.%Cu54Zr36Ti10 composite was 580MPa, which is
three times greater than the yield strength of the matrix alloy Al520.0 obtained by
casting. The sintered composites showed appreciable plasticity: the deformation at
fracture was 14% for the Al520.0–15vol.%Cu54Zr36Ti10 composite and 11% for the
AZ91–15vol.%Zr57Nb5Cu15.4Ni12.6Al10 composite.

Fig. 8.13 Microstructure (a) and XRD pattern (b) of the Al alloy 520.0–15 vol.% Cu54Zr36Ti10
composite induction sintered at 447 �C. The bright particles are particles of metallic glass.
(Reprinted from Dudina et al. [8]. Copyright (2010) with permission from Elsevier)
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Induction sintering was shown to be efficient for the production of bulk nano-
structured aluminum [14]. Nanostructured aluminum powders (crystallite size
23 nm) obtained by cryomilling were consolidated by induction sintering in vacuum
at a pressure of 50 MPa. The crystallite size of the consolidated aluminum was below
100 nm. Comparative compression tests showed that the yield strength of the
aluminum obtained by induction sintering of the cryomilled powders – 270 MPa
(sintering temperature 500 �C, heating rate 800 �C�min�1, holding time at the
maximum temperature 3 min, crystallite size 50 nm) – is twice the yield strength
of aluminum alloy 1050 obtained by equal-channel angular pressing and five times
the yield strength of the aluminum obtained by induction sintering of the as-received
(non-milled) powders.

In steel induction sintered from a commercial steel powder blend, finer grains, a
smaller perlite spacing, higher concentrations of carbides at the grain boundaries,
and a higher hardness of the ferrite phase compared with conventionally sintered
specimens were found [1]. A greater amount of perlite and a higher hardness of
ferrite indicated that a greater degree of alloying occurred during induction sintering
than during conventional sintering. It was suggested that more pronounced alloying
was caused by high localized temperatures developing at the particle contacts as
regions of high resistance in the induction sintered specimens. Induction sintering
was, therefore, proposed as a method, suitable for both sintering of powders and
alloying between the components of an alloy.

As in other sintering techniques, preliminary ball milling leading to refinement of
the crystalline structure reduces the onset temperature of induction sintering. The
shrinkage of TiC0.5N0.5 samples obtained from the powders milled for different
times with increasing temperature is shown in Fig. 8.14 [17]. The onset sintering
temperature was significantly reduced by applying preliminary ball milling: while
shrinkage of the sample obtained from the as-received powder started at 1170 �C,
that of the sample obtained from the powder milled for 10 h was observed at 820 �C
[17]. Compacts with finer grains were obtained from the powders milled for longer
durations: the crystallite sizes of the compacts sintered from the powders milled for
0, 1, 4, and 10 h were 227, 201, 196, and 158 nm, respectively. Along with a
reduction in the sintering temperature, ball milling of the powder prior to induction
sintering resulted in higher relative densities, higher hardness, and higher fracture
toughness of the sintered TiC0.5N0.5.

Similar trends for the relative density and hardness were observed by Shon et al.
[15] in induction sintered titanium carbide obtained from the ball milled powders.
The TiC powder ball milled for 1, 4, and 10 h had a crystallite size of 45, 29, and
25 nm, respectively. Induction sintering of the ball milled powders in a graphite die
at 80 MPa for 4 min resulted in the formation of TiC compacts with a crystallite size
of 295, 114, and 73 nm when the powders milled for 1, 4, and 10 h were used,
showing that although grain growth does occur during induction sintering, it is not
pronounced and bulk nanostructured ceramics can be obtained. As the milling time
was increased from 1 to 10 h, the relative density of the compacts increased from
97% to 99%, while their Vickers hardness increased from 11.8 to 25.7 GPa. Unlike
induction sintered TiC0.5N0.5 [17], whose fracture toughness increased with the
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milling time, the fracture toughness of TiC slightly decreased with the milling time,
still remaining at a reasonably high level. A reduction in the fracture toughness was
explained by a small crystallite size of the sintered compacts remaining after induc-
tion sintering.

The capabilities of induction sintering can be extended to reactive systems.
Inducing synthesis of new phases by induction heating – conducting reactive
induction sintering – is worthwhile in the powder mixtures capable of fast chemical
transformations into solid-state products. The fabrication of intermetallic composites
in Ti–Al [38] and Ti–Ni–Al [39] systems and the reactive deposition of Ni–Al
coatings on mild steel [40] using induction heating have been reported.

8.5 Summary

Induction heating sintering is realized using eddy currents induced directly in the
conductive specimens or in the susceptor. An advantage of schemes with a susceptor
is the possibility of applying mechanical pressure during induction heating to
facilitate sintering. For direct induction sintering, the powder compacts should

Fig. 8.14 Shrinkage of TiC0.5N0.5 samples obtained from the powders milled for different times
with increasing temperature. (Reprinted from Kim et al. [17]. Copyright (2012) with permission
from Elsevier)
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possess a high electrical conductivity in the beginning of the process. Due to poor
coupling of metal compacts to the induction coil, there exists an incubation period at
the beginning of induction heating. Both heating schemes enable fast heating and
dramatically shorten the sintering time relative to conventional sintering. In an
induction sintering run, the total duration of heating and holding at the maximum
temperature (if any) can be a few minutes only. The heating rate in induction
sintering plays a significant role influencing the microstructure uniformity and
final densities. Successful consolidation of ceramics, metals, and composites with
nanosized grains has been reported. Induction sintering has also proven efficient for
consolidation of composites containing metastable phases – metallic glasses. Expla-
nations of the observed fast densification provided so far together with the experi-
mental data are based on a beneficial combination of resistance heating of the
sample, localized heating at the inter-particle contacts, and pressure effects (for the
pressure-assisted processes). A possibility of surface melting and oxide breakdown
at the inter-particle contacts has also been suggested as favoring rapid densification.
In the future studies, specifics of mass transport enhancement by eddy currents need
to be elaborated. The development of a coupled electromagnetic–thermal–mechan-
ical modeling framework taking into account the specifics of mass transport during
induction heating sintering is a major direction for the future studies. This direction
should open up the predictive capabilities and allow for the optimization of induction
heating sintering enabling the controlled non-equilibrium conditions needed for the
successful outcomes of most field-assisted sintering techniques. Another promising
direction in induction sintering-related research is controlled preparation of materials
with gradient structures, including those forming as a result of reactive sintering.
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Chapter 9
Magnetic Pulse Compaction

9.1 Principles of MPC

Magnetic pulse compaction (MPC) belongs to a class of compaction methods, in
which the mechanical load is applied in a (quasi) dynamic manner [1]. Along with
magnetic pulse compaction, this class of compaction methods includes forging and
explosive compaction. A distinctive feature of these methods is the concentration of
high energy in a small volume. MPC is suitable for producing dense and porous
compacts. In a non-densified state, all powders have a very poor electrical conductiv-
ity. Althoughmagnetic field can induce eddy currents in each powder particle, they are
confined in the particle itself due to an extremely high inter-particle resistance. The
particles experience constriction; however, there is no mutual displacement of the
particles, i.e., there is no densification. This is the reason why direct pressing of
powders is not possible in many cases by applying a magnetic field to a sample
composed of loose particles. In order to efficiently convert the energy of the magnetic
field into the mechanical energy and gain the required pressures of the powder sample,
shells made of a conductive metal (copper, aluminum) are used as containers shaping
the compact and transferring pressure to the powder on a macro-level. Electrically
conductive plates can also be used to transfer pressures in a uniaxial mode.

The first experiments on powder compaction using a pulse magnetic field were
conducted by Sandstrom in 1964 [2]. The powder in a tube was compressed by a
pulse magnetic field produced by an eigencurrent (Z-pinch schematics). The com-
paction occurs due to the action of the repulsive forces between the electric currents
passing in the opposite directions in the coaxial conducting tubes (electrodynamic
pressing). In this geometry, the shell is compressed and the powder that it contains is
compacted. If the central electrode is placed inside a conducting tube, the latter can
be forced to expand and thus transfer pressure in the radial direction to a tube-shaped
compact [1]. Electrodynamic MPC setups were not capable of achieving high
densities of the compacts due to high inductances of the current leads and other
parts of the setup compared to the working elements.
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Induction MPC is based on the interaction of the pulsed magnetic field with the
magnetic field of eddy currents induced in an electrically conductive element – a
cylindrical shell in radial compaction and a plate in uniaxial compaction. In uniaxial
compaction, the principle of magnetic hammer is realized. A plate made of a
conductive material is repelled from a flat inductor when a pulse of high current
passes through the latter. The concentrator transfers the mechanical force to a punch,
which densifies the powder in a die. This method is used to make washers and parts
of complex shapes but limited heights. Barbarovich [3] applied the pulse theory to
determine the velocity of the moving plate taking into account the experimentally
observed facts that the motion of a part under the action of a pulsed magnetic field
does not begin at once but a certain time after the beginning of the discharge. For
massive parts, this usually occurs after the first current maximum, the time being
needed for the energy to build up. The lower is the weight of the plate, the higher is
the velocity that it develops. In radial compaction, magnetic field compresses a
copper or an aluminum tube (shell) containing the powder to be compacted. The
compression of the shell occurs when it is placed in a cylindrical inductor (Θ-pinch
method) or when a pulse of current passes directly through the shell (Z-pinch
method). In the Θ-pinch method, the magnetic field of the inductor interacts with
the eddy currents induced in the conductive shell.

When a cylindrical electrically conducting shell is radially compressed, in the gap
between the working winding of the inductor and the surface of the shell, a strong
magnetic field appears for a short period of time. Due to the pulse nature of the
process and a skin effect, the field does not penetrate inside the conductive shell. The
outer lateral surface of the cylindrical shell experiences pressure equal to the volume
density of the magnetic field [4]:

p ¼ Wm ¼ 1
2
μ0μrH

2, ð9:1Þ

where μr is the relative magnetic permeability.
The resultant pressure on the powder compact is equal to the difference between

the pressures on the outer and inner surfaces of the shell:

p ¼ Wm ¼ 1
2
μ0μr H2

1 � H2
2

� �
, ð9:2Þ

where H1 is the magnetic field strength in the gap between the shell and the inductor
andH2 is the magnetic field strength at the inner surface of the shell. The value of the
pressure counteracting the pressure on the outer surface of the shell depends on the
frequency of the current, the rate of change of the magnetic flux, and the electrical
conductivity of the shell material. At high current frequencies, a reduction in the
magnetic field strength in the direction from the surface to the interior of the
conducting material can be rather significant. The electrical conductivity of the
shell affects the penetration depth of the magnetic field into the shell. The penetration
of the magnetic field to the inner surface of the shell would weaken the result of
compression. The penetration depth of the magnetic field can be calculated as
follows:
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δ ¼ 1
ffiffiffiffiffiffiffiffiffiffi
πf μσ

p , ð9:3Þ

where f is the frequency, μ is the material magnetic permeability, and σ is the
material electrical conductivity. The thickness of the shell should be equal to or
greater than the field penetration depth. When a copper shell is compressed using a
104 Hz frequency current in the inductor, the field penetration depth δ is 0.7 mm. For
the thickness of the shell equal to the field penetration depth, the field strength
decreases to 37% of its initial value. When the shell is three times thicker than the
penetration depth, the field strength at the inner wall of the shell is only 5%. The
maximum density of the compacts is obtained when the shell thickness is close to the
field penetration depth. The deformation of thicker shells causes higher energy
losses and less energy is spent for the compaction process itself. However, shells
that are too thin are prone to failure during MPC. After MPC, the shell has to be
removed by cutting and unfolding or chemical dissolution. If reuse of the shell is
possible by a certain technical approach, the manufacturing costs can be dramatically
reduced.

When the skin effect is significant, the pressure can be estimated as

p tð Þ ¼ 1
2μ0μa

B2
0e

�2αt sin 2ωt, ð9:4Þ

where B0 is the amplitude of the magnetic induction and α is the attenuation
coefficient.

The electrical conductivity of the shell significantly influences the magnetic
pressure. The higher is the electrical conductivity of the shell, the higher is the
induced current, and, as a consequence, the higher are the magnetic induction and
magnetic pressure.

In order to assess the kinetic characteristics of the MPC process based on the use
of cylindrical shells, the displacement of the shell should be analyzed under the
action of a pulse magnetic pressure. The equation of motion of an elementary
element of the shell of external radius re and wall thickness δ0 (δ0 � re) can be
written in the following form:

ρ
d2u

dt2
¼ Fvm � Fvd, ð9:5Þ

where ρ is the density of the material of the shell, u is the distance, Fvm is the volume
density of the force induced by the magnetic field, and Fvd is the volume density of
the counter force (shell resistance to deformation). If the penetration of the magnetic
field to the inner surface of the shell can be neglected, we obtain

ρδ
d2u

dt2
¼ p tð Þ � pvd, ð9:6Þ

where pvd is the counter pressure, which is constant for an ideal ductile material and
depends on the deformation for real materials (rapidly increases and then remains
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practically constant as the deformation increases for cold-worked metals and grad-
ually increases for annealed metals). Figure 9.1 shows the evolution of the magnetic
pressure p(t) with time at pd ¼ const [1].

Due to high displacement rates of the shell and powder particles, inertia forces
play a significant role. Adiabatic compression of a material induces a number of
thermal effects in the compact. The heat is also transferred from the shell carrying the
eddy currents. The presence of pores in the material that is to be compressed in the
MPC is responsible for an increase in the fraction of the thermal energy dissipated
into the material, which is related to local deformation and adiabatic compression of
air filling the compressed pores.

InMPC, the pressure increases more slowly than in explosive compaction, which is
characterized by a rapid pressure increase during a short pulse of 1–10 μs. In MPC, the
pulse duration can be varied by adjusting the experimental parameters. This eliminates
the unloading wave which could otherwise have followed the compression wave and
prevents crack formation in the compacted materials. The pulse duration in MPC
ranges usually from tens to hundreds of μs. Unlike the dynamic pressing, MPC
generates an acclivous leading edge of the compression wave, which excludes the
emergence of the next discharge wave and avoids exfoliation of the compacts.

9.2 Equipment for MPC

At present, the MPC method uses two technological schemes, which are based on
uniaxial and radial compaction. Figure 9.2 shows a magnetic pulse press for flat
uniaxial compression. As the magnetic field in the plate is completely damped, an
analogy may be drawn between the electromagnetic forces acting on an electrically
conducing surface and a gas exerting a pressure on it.

The main requirements for conducting a successful MPC process are a high
electrical conductivity of the shell, a short distance between the inductor and the
accelerated part, a high energy of the magnetic field, and a high rate of change of the
magnetic flux.

Fig. 9.1 Evolution of magnetic pressure p(t) with time at pd¼ const. (Drawn using data of Ref. [1])
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The radial MPC (Fig. 9.3) is suitable for making tubes and rods several tens of
centimeters long. Figure 9.4 is suitable for both Θ-pinch and Z-pinch compaction
schemes.

The technology of MPC is promising for consolidating long-length parts. For
ductile materials, MPC allows obtaining nearly fully dense compacts without a

Fig. 9.2 Magnetic pulse
press for flat uniaxial
compression: 1, inductor;
2, metallic plate
(concentrator); 3, punch;
4, die; 5, powder; 6, base.
(Drawn using data of Refs.
[5, 6])

Fig. 9.3 An assembly for
radial MPC [7]: 1, copper
shell; 2, rod; 3, powder;
4, bushing; 5, gasket;
6, plug. (Drawn using data
of Ref. [7])

Fig. 9.4 Principle scheme of magnetic pulse compaction of tubes: 1, copper shells; 2, powder;
3, steel rod; 4, plugs; 5, gaskets; 6, reverse conductor. (Reprinted from Ivanov et al. [8] http://www.
iiss.sanu.ac.rs/download/vol37_1/vol37_1_06.pdf, this article is available under the terms of the
Creative Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/)
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heating stage. Powders of materials that lack ductility can be compacted by MPC to
densities exceeding 0.8 of theoretical density, while full densification can be
achieved by the subsequent sintering. Due to a strained state of the material and
high concentrations of defects in the particles, the required sintering temperatures are
reduced such that a nanostructure of the material can be preserved in the sintered
state. Both conductive and non-conductive materials can be compacted. The mag-
netic pulse compaction approaches have been successfully used for the pressure
treatment of nanosized powders [7–10].

The powder compaction involves several distinct stages [11]: 1) packing (particle
rearrangement), 2) elastic deformation at contact points and 3) plastic deformation at
contact points of ductile particles and fragmentation of brittle ones. In the powder
just loaded into a shell or a die, groups of particles become locked by friction. As the
punch moves down toward the powders, the particles move to lower positions until
further movement is not possible without particle deformation. At the end of the first
stage, the particles form a rigid system. During the second stage, sliding between
the particles and elastic compression at the contact points result in further densifi-
cation of the powder. During the final stage, the material around contact points is
subject to plastic deformation and flow. At this stage of compaction, there is a
significant increase in resistance to densification due to strain hardening (cold
working). Figure 9.5 demonstrates that multiple impacts are more effective as long
as no delamination effects appear [11], which agrees well with Ref. [12].

Fig. 9.5 The density of compacts after multiple pressing cycles. (Reprinted from Park et al. [11],
Copyright (2012) with permission from Elsevier)
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9.3 Modeling of Uniaxial and Radial MPC

Despite a rather long history of the experimental research, the systematic theoretical
description of MPC started only in the 2000s. Reference [13] describes the first
attempt of the modeling of the radial compression of a powder, taking into account
the dynamic effects that appear when the can is accelerated by an external pulse
magnetic field. The so-called inertia effect is noted in this work, when due to the
inertia of the mechanical system (the can and the powder), a pressure level can be
achieved that is significantly higher than the stress applied to the can by the magnetic
field. It should be noted that the dynamics of the electric circuit has not been
considered (the magnetic field pulse was defined by a decaying sinusoid).

The theoretical description of uniaxial pressing was developed by Boltachev et al.
[14, 15] by assuming that the punch (impactor) acceleration by the magnetic field
and the pressing of a powder occur independently; i.e., first, the acceleration of the
impactor (which is not in direct contact with the powder) occurs, and after that the
impactor comes into contact with the powder, and the powder compression occurs.

A theoretical model for radial MPC was developed by Boltachev et al. [9, 16],
who found a closed solution of both the equations of the dynamics of a mechanical
deformed system (a powder and a shell) and the equations of the dynamics of an
electric circuit, which generates the magnetic field. By simultaneously solving the
differential equations, it is possible to bring the theoretical models to the level of
exact quantitative predictions and fully characterize the process. The powder com-
paction was described within a continual approach of plastically hardened porous
body using empirical laws of hardening, in which the free parameters were deter-
mined from the experimentally obtained adiabatic curves of uniaxial compaction,
examples of which are shown in Fig. 9.6 [17].

Fig. 9.6 Adiabatic
compression curves for an
alumina-based nanopowder
produced by electric
explosion: dash-dotted line
is a theoretical case with the
constant yield stress of
2 GPa, dotted line is the
theory with a parabolic
hardening law, solid line is
the case with a modified
hardening function, and
dashed lines are
experimental curves.
(Reprinted from Boltachev
et al. [17], Copyright (2007)
with permission of Springer)

9.3 Modeling of Uniaxial and Radial MPC 299



The theoretical modeling demonstrated that a satisfactory description of the radial
compaction of powder in accordance with the Z-pinch mode can be achieved based
on the approximation of a pronounced skin effect. At the same time, the simulation
of the densification processes in the Θ-pinch mode requires the consideration of the
diffusion of the magnetic field in the conductive material (shell, solenoid) and of
their heating, largely due to the passage of electric current.

The complete system of equations, which takes into account all these factors in
relation to the movement of a hollow shell, was formulated in Ref. [18]. It should be
noted that for a fixed shell and neglecting heating of the material, the problem of the
diffusion of the magnetic field is described by a linear differential equation, and its
solution is possible in a closed form [19, 20]. Such an analysis, in particular, enables
the determination of the scope of the problem parameters (size of the shell, the
amplitude, and pulse width of the external magnetic field), when the shell’s volume
can be expanded by the residual magnetic field present in its cavity. This effect is
seen as a possible way of a noncontact removal of spent shells from the compressed
products. Developed in Ref. [18], the theoretical model was generalized in Ref. [16]
to describe the motion of a shell in the presence of a densifying powder inside it. The
analysis of pulsed processes of radial compaction based on the simultaneous solution
of differential equations defining the dynamics of the electric circuit and the system
being deformed, was carried out. This allowed studying the influence of various
experimental setup parameters on the compaction process. Inertia effects in com-
paction dynamics were investigated, and the “resonance” compaction conditions,
corresponding to the maximal usage of the inertial properties of the “powder + shell”
system being deformed, were revealed. Thus, a theory of powder pressing for
the Θ-pinch mode, sufficient for reliable reproduction of the known experimental
data and, as a consequence, for the confident prediction of these processes, was
created.

The correctness of the theoretical model was confirmed by a direct comparison of
the calculated data with the existing experimental data on the nanopowder compact
final density (green density). The theoretical model (taking into account the magnetic
field diffusion) was developed for the pressing by relatively thin-walled conducting
shells with a thickness that is comparable to or less than the magnetic field skin
layer characteristic thickness. In particular, within the model, the cylindrical shell
expansion caused by the diffusion of the magnetic field inside is studied. This effect
was experimentally confirmed and is considered as one of the options of the shell
detachment from the compact [16]. In general, the developed theoretical models
allow performing a reliable prediction of the processes of nanopowder MPC and
choosing the optimal conditions for manufacturing compacts with the required
characteristics. It has been shown that the theory of plastically hardened porous
body allows us to correctly characterize the nanopowder compaction process at
a macroscopic level. Tuning of the resonant conditions is possible by varying both
the external action characteristics (electric circuit parameters) and the inertia prop-
erties of the mechanic system being deformed. Within theΘ-pinch theory taking into
account the magnetic field diffusion, complete agreement is achieved between the
theoretical calculations and the experimental data on powder compact final densities.

300 9 Magnetic Pulse Compaction



Mathematical models have not only enabled determining the features of the com-
paction processes, but also helped discover a phenomenon of the shell expansion
at the end of the pulse previously not known from the experiments but very useful for
the procedure of detaching the shell from the compact.

The mathematical models and calculation methods elaborated for the radial MPC
were successfully transferred to a more complex object for modeling – uniaxial
MPC. In Ref. [10], the size effect was considered, which is one of the most important
effects for any type of the compaction processes. In that publication, the size effect
was related to the size of the powder particles. Calculation performed for particles
ranging from 10 to 100 nm taking into account Hertz elastic forces, tangent friction
forces, and dispersion forces of attraction have shown that the latter make fine
powders more difficult to densify than coarse powders.

A mathematical model of uniaxial MPC of powders that includes a consistent
solution describing the dynamics of a pulse magnetic field and the dynamics of the
mechanical system (the moving pressing parts + compacted powder), was presented
by Olevsky et al. [21]. The model takes into account a number of important factors
such as dissipative losses at the friction contact boundaries, the elastic properties of
the pressing device, and the inertia properties of the moving parts of the press. The
constitutive behavior of the compacted powder is described in the framework of the
theory of plastic porous bodies with hardening [17, 22–27]. To determine the
number of parameters of the theory (the law of hardening of a powder body, the
coefficients of friction, the elastic characteristics of the press, etc.), experimental
research on pressing of two different nanosized powders of alumina has been
conducted. It was shown that the developed theoretical model can reliably reproduce
the results of the conducted experiments: the time cyclograms of the electric current
passing through the inductor and of the force (pressure) applied to the compacted
powder can be described with the accuracy comparable to the scale of the experi-
mental measurement error. For a known pressure applied to the powder, and for the
established laws of hardening, the theory allows estimating the evolving density
(and/or porosity) of the powder specimen and, consequently, selecting the optimal
pressing conditions enabling the achievement of a desirable level of final porosity.
The developed theoretical model allows analyzing a variety of pressing conditions,
without making expensive, and sometimes unrealizable with the existing equipment,
experimental studies. Although a decrease in the powder mass can slightly increase
the final density of powder compacts, more promising would be the downsizing of
the accelerated components of the pressing device (Fig. 9.7).

Rather high requirements to the strength characteristics of the impactor prevent
such a tangible reduction in its mass. Increasing the diameter of the powder speci-
men needed during the transition from test lab-scale experiments to the fabrication of
practically significant components, for fixed energy costs, of course, reduces the
final density. The developed theoretical model enables the prediction of the results of
compaction in the dies with different diameters. In particular, for dies with diameters
of up to 35 mm, calculations show that a proportional increase in the charging
voltage and the diameter of the die does not change the final porosity of the powder
specimen. However, note that, in general, the presence of the dissipative terms in the
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constitutive equations of the model violates this simple way to scale. The ways to
significantly increase the final density of a powder compact at a given charging
voltage of the capacitive storage are particularly relevant for large-diame-
ter compacted products. One approach consists in varying the natural period of the
electric circuit. When the electric current increases the time in a circuit equal to
(approximately) the time of the realization of the pressing process (time before the
stop of the impactor), there is a kind of resonance – the force exerted by the impactor
on the powder specimen can substantially exceed the amplitude of the magnetic field
impact on the impactor. This effect is achieved through the best use of the inertia
properties of the impactor.

Double-sided MPC was studied by Barbarovich [3] as a more economical and
more efficient variant of MPC. In search of methods of enhancing the efficiency of
MPC, double-sided MPC has been recently revisited [28]. Double-sided MPC
allows achieving higher densities of the compact relative to the single-sided scheme
(Fig. 9.8, see also Fig. 9.2). The double-sided method uses two impactors, which are
moving toward each other and densify the powder volume located between them
(Fig. 9.8). The utilized concentrators have a serial connection. A comparison of the
single- and double-sided compression schemes is shown in Fig. 9.9 for an alumina
nanopowder. An increase in the total inductance in the double-sided scheme reduces
the amplitude of the current in the circuit and, consequently, leads to a decrease in

Fig. 9.7 Porosity θ of the compacted alumina as a function of the impactor mass Mu (solid line,
mp¼ 1.5 g (powder mass), U0¼2.0 kV; dashed line, mp¼1.5 g, U0¼2.5 kV; dotted line, mp¼1.0 g,
U0¼2. kV. (Reprinted from Olevsky et al. [21], Copyright (2013) with permission of Springer)
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Fig. 9.8 Principle scheme
of double-sided MPC:
1, powder; 2, die;
3, punches; 4, concentrators;
5, satellites; 6, inductors.
(Drawn using data of
Ref. [28])

Fig. 9.9 “Magnetic pressure” normalized with respect to the specimen’s cross-sectional area
(lines 1) and pressure acting on the densified powder (lines 2). Solid lines, single-sided MPC;
dashed lines, double-sided MPC. (Reprinted from Olevsky et al. [21], Copyright (2013) with
permission of Springer)
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the “magnetic” force acting on each of the impactors (Fig. 9.9, lines marked 1).
However, the force on the powder is not reduced; on the contrary, as seen in Fig. 9.9,
lines marked 2, it increases, leading to a decrease in the final porosity (from 34.8% in
single-sided pressing to 29.6% in double-sided pressing). This occurs mainly
because of exclusion of the effective elasticity of the pressing device from the
process. In such a setup, all the momentum reaching the powder is spent on its
pressing and not wasted on the elastic deformation of the lower part of the press.
A positive factor is the growth of the natural period of the circuit oscillations due to
an increase in its inductance. This shifts the mode of operation of the pressing device
to the “resonant” pressing conditions. Note, however, that the double-sided
compression method requires substantial modifications of the existing equipment
for MPC.

The final goal of MPC is to fabricate parts with desired characteristics, which
include geometry, porosity, density distribution, microhardness, fracture toughness,
breakdown voltage, and other functional properties. In order to fabricate a part, an
optimal choice of independent as well as dependent parameters should be made
including the parameters of the powder (the material of the particles, composition of
the powder mixture, particle size, particle shape), parameters of preliminary treat-
ment (pre-pressing, degassing, preheating), and parameters of the pulse (the pressure
amplitude in the pulse, waveform of the pulse, pulse duration, the number of pulses
in a series or the law governing the series of successive pulses).

With many parameters inherent to MPC, a large number of experiments may be
necessary for the process optimization. Knowledge of the process mechanisms at the
pre-compaction stages as well as those during MPC makes it possible to develop an
efficient fabrication technology. The problem becomes even easier to solve when the
understanding level of the processes allows describing them mathematically and
developing software capable of calculating the required technological parameters.

Poor densification of alumina nanopowders predicted theoretically was verified
experimentally using powders having particles in the range of 21–82 nm [10]. It was
found that the size effect is observed at a pulse pressure of 0.1 GPa, while at 1 GPa,
the residual porosities of the compacts produced from different powders coincide
within the limits of the measurement error. The authors suggest that this qualitatively
distinguishes oxide powders from metallic powders, in which the size effects are
observed up to pressures of several GPa. In metallic powders, the ability to deform
increases with the particle size; in oxide powders, even coarse particles are mechan-
ically strong. It is thus believed that the only reason for the size effect is the action of
inter-particle dispersion forces of attraction. The authors of Ref. [10] have also
modeled multi-cycle compaction, in which the powder is subjected to several
pressing pulses. The calculations have shown that multi-cycle loading allows
achieving densities close to the theoretical one. The efficiency of the proposed
method was verified by the experiments with the Ti6Al4V alloy [12] and aluminum
alloy powders [11].

Microstructure investigations of a copper compact obtained by uniaxial MPC
showed that the porosity increased with the distance from the moving punch
[29]. The same effect was observed in uniaxial MPC of titanium nitride [30].
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In order to achieve a more uniform densification, it was proposed to conduct another
pressing cycle after turning the compact in the die by 180� [29]. Applying two
pressing cycles has given good results for an aluminum-based powder [11]. It was
found that the compact density decreased as the amount of the powder in the die
increased. This effect was more pronounced at low compaction pressures.

The role of preliminary pressing on the final density of the material produced by
MPC was studied. Densification of an alumina powder prior to MPC resulted in a
decrease in the final density of the compact [31]. However, an opposite result was
described in a later publication [32]. An increase in the initial density of the powder
load by static pre-pressing resulted in higher densities after MPC as no work of the
external force was necessary to achieve denser packing of strong powder agglom-
erates, so the energy was more efficiently used for the fracturing process.

It was shown experimentally that the agglomerated state of nanopowders plays a
major role in the pressing processes [32]. The presence of large and strong agglom-
erates makes it more challenging to compact a powder by MPC and obtain high final
densities. This can be a consequence of the size effect; however, this was not taken
into consideration in the modeling studies presented in Refs. [33, 34].

A certain number of aspects of MPC have not been investigated to date. Processes
at the particle scale have been rather scarcely addressed. The influence of the
compact size on the results of uniaxial MPC was not studied, while this was studied
for radial MPC. Effects specific to compaction of shapes other than axisymmetric
have not been yet investigated. The roles of pre-pressing, the presence of absorbed
species, and temperature of the process have not been addressed in detail. In
nanopowders, the content of absorbed species can be up to several percent, and
their presence can cause the formation of cracks in the compacts. This issue was
addressed in Ref. [35] for alumina and rather briefly in Ref. [36] for zirconia.

Understanding of the process mechanisms includes not only the micro- and
macro-level phenomena in the powder compact but processes in the MPC tooling,
such as elastic vibrations of the punches in uniaxial MPC, deformation kinetics of
shells in radial MPC, and the interaction of the external magnetic field with the
powder particles.

Sintering of materials compacted by MPC is not widely presented in the litera-
ture, nor is the influence of the defects and strain accumulated during MPC on their
sintering behavior.

MPC offers possibilities of preserving the nanostructure of the compacted mate-
rials and making parts with a wide range of shapes – from disks and pellets to long-
length rods and tubes. A significant advancement in the understanding of the
processes during MPC has been made in the past decade thanks to computer
modeling. The future development of the technology of MPC is thought to benefit
from multiple compaction pulses, compaction in two pulses with turning of the
sample before the second pulse, expansion of the shell at the end of the pulse, as well
as a combination with spark plasma sintering (SPS). Using multiple pulses helps
achieve high compact densities without any risk of tooling damage. The second
pressing cycle applied to the sample can be helpful in reaching a uniform density in
thicker samples. Process parameters favoring shell expansion would make it easy to
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remove the compact from the tooling. Recent studies have shown that a possibility
exists to switch from conventional sintering of MPC-produced parts to SPS. Ceramic
materials obtained by this combination are fully dense and possess a nanostructure
inherited from the powders.

9.4 Selected Examples of Application of MPC to Different
Materials

The main goals of experimental MPC studies of metals are to fabricate nanostruc-
tured metals, which presumably possess improved mechanical properties important
for practical applications, and gain a deeper understanding of the mechanisms of
MPC of nanopowders using simple model systems. As MPC can be successful for
nanopowders, fine powders with a narrow particle size distribution are the systems
that draw major attention. Figure 9.10 shows that the grains in a compact produced
by MPC are much finer than in a conventionally sintered compact [37].

Figure 9.11 shows the relative densities of different materials produced by MPC
including soft aluminum and brittle alumina and silicon carbide.

MPC is effective in producing metallic parts from powders. The compacts
exhibit properties that make them suitable for practical application without a post-
compaction annealing operation. MPC is effective for both coarse powders and
nanopowders. At low compaction pressures, in order to achieve full densification
and desired properties, ductile metals should be compacted by a series of pulses.
A higher density and a more uniform microstructure of the compact are obtained
when two pulses of compaction are applied, the part being turned by 180� before the
second pulse. It is believed that for each metal, a critical pulse pressure exists that can
ensure full densification in a single-pulse compaction process. If several pulses are
applied to metals that lack plasticity, fragmentation of the particles occurs, and
properties of the compact affected by the inter-particle interaction forces deteriorate.

Fig. 9.10 Microstructure of a SmCo compact produced by MPC (left) and conventional sintering
(right) [37]
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Uniaxial MPC of copper was reported in Ref. [29, 38, 39]. The following results
have been obtained: uniaxial MPC of copper nanopowder at 1.5 GPa results in
the formation of compacts 95% dense; the hardness of the compacts increases with
the compaction temperature up to 300 �C, while their nanocrystalline structure is
preserved; when the temperature increases up to 400 �C, significant grain growth
occurs with simultaneous drops in density and microhardness.

The density of aluminum compacted at 1.6 GPa and 300 �C varied between 94%
and 95% [40]. As the compaction temperature increased, the pore size also increased
but the total volume fraction of the pores decreased. In Ref. [41], fabrication of a
97.6% dense Al compact at a pressure of 1.6 GPa and 300 �C was reported. The
same evolution of pore distribution as in Ref. [40] was observed and related to
fragmentation of the oxide films. Uniaxial MPC of an Al–20% Si powder with an
average particle size of 106 μm at room temperature was studied [11]. The highest
density (98%) was achieved when two pressing pulses were performed; the com-
paction results largely depending on the value of pressure applied during the second
compaction cycle.

In Ref. [42], it was found that pretreatment of the powder affected the density of
the iron-based compacts consolidated by MPC. The maximum density of the
compact (82.1%) produced by MPC was reached when the powder was milled for
4 h (the particle size up to 50 μm) and annealed at 600 �C for 1 h. Uniaxial MPC was
carried out at a pressure of 1.5 GPa. The only information on record on MPC of
steels comes from publications by IAP Research (USA) [43]. Fabrication of com-
pacts 99% dense from steel powders was reported.

Uniaxial MPC of Mg–Zn4.3Y0.7 was presented in Ref. [44]. It was shown that
under the maximum value of discharging voltage, the compact density was only
96%. The authors suggest that the residual porosity and poor mechanical

Fig. 9.11 Relative densities of materials compacted by MPC [37]
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characteristics of the compact were due to the presence of an oxide film on the
powder surface and a limited slip system in the magnesium crystalline structure. A
nearly fully dense compact was obtained after compaction at 300 �C showing a 13%
increase in hardness.

Nanostructured ceramic materials are attractive structural materials due to their
high strength, hardness, and fracture toughness. Among consolidation methods that
allow preserving the nanostructure of the powders in the consolidated material, MPC
is one of the most promising. Unlike metals, ceramic particles are not capable of
plastic deformation, and, therefore, MPC of ceramic materials cannot produce
compacts ready for the practical use. In order to obtain fully dense materials, a
post-compaction sintering step is necessary. Alumina powders are the most popular
objects in the studies of dynamic compaction as these powders are inexpensive and
have a broad range of applications. The uniaxial MPC of alumina nanopowders was
systematically addressed in Ref. [31]. The size of the powder particles was 20 nm.
The pre-pressed powder was subjected to vacuum degassing at 300 and 600 �C in a
chamber up to a pressure of 1 Pa. It was found that preliminary densification of the
powder leads to a decrease in the density of the MPC-produced compact. As the
pulse pressure increases up to 2 GPa, the density of the compact increases. Densities
ranging from 52% to 83% were obtained; the compacts did not show any inner
cracks. In a continuation of this research [45], it was found that when a static
pressure of 1.6 GPa is used, the optimal degassing temperature is room temperature,
which indicates a positive effect of the absorbed species reducing the inter-particle
friction. It was concluded that pressure in the pulse is not the only parameter
affecting the compaction results.

Sintering of nanostructured alumina compacts produced by uniaxial MPC was
studied in Ref. [46] as the final processing stage of the consolidated material. It was
found that sintering would result in a fully dense compact, if the compacts produced
by MPC were 70–80% dense, which is rather easy to achieve. Optimization of the
heating regime has been performed considering the phase changes in the material. It
was found that fast uncontrolled heating is not suitable for sintering of pressed parts
from nanosized powders as it causes expansion of the material and results in low
final densities. The result of the study was the preparation of 97% dense α-Al2O3

with a grain size of 100–150 nm.
A study had been carried out to compare the effectiveness of the Z-pinch and

Θ-pinch methods for pressing of two types of alumina nanopowders containing
magnesia [7]. An original powder holder has been designed, in which both methods
can be realized under the same conditions. The holder was designed in such a way
that it was possible to conduct hot degassing and seal it before placing it in the MPC
facility. Better results were obtained with the Θ-pinch method, in which the same
parameters of the generator resulted in a longer pulse. Pressing of powders having
particles of 20 and 90 nm by radial MPC and by the static method showed that in all
cases higher densities were obtained using non-agglomerated powders. However,
compacts from agglomerated powders showed a more uniform density along the
radius of the compact.
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The dependence of the final density of the MPC-produced compact on the green
density was studied for several alumina-based nanopowders containing different
additives [47]. For experiments on radial MPC, the powders were poured into a thin-
walled tube with an outer diameter of 12–14 mm and a central channel 2–3 mm in
diameter. Radial MPC was performed at a pressure of 0.3 GPa and a pulse duration
of about 100 μs. A compact with a uniformmicrostructure was thus obtained and was
55–60% dense. In parallel experiments, powders were processed by uniaxial MPC,
which resulted in the formation of a disk 15 mm in diameter and 1 mm thick with a
relative density of 56–85%. The pressed compacts were sintered at temperatures up
to 1550 �C for 5 h. When sintering of pure α-Al2O3 was carried out at 1550 �C,
densities of the pressed compacts exceeding 2 g/cm3 led to a decrease in the final
sintered density. When a nanopowder of an Al–Mg alloy was added to α-Al2O3, the
final sintered density was practically independent on the density obtained at the
compaction stage. For powders annealed at 1400 �C, the final sintered density
increased as the density of the MPC-produced compact increased up to 2.8 g/cm3.
The best mechanical properties and structural characteristics were obtained using a
corundum powder containing 15% of an Al–Ag alloy. The density of the sintered
material was 97%, its microhardness was 18–20 GPa, and its grain size was about
1 μm.

References [48, 49] report the formation of 94% dense crack-free α-Al2O3

compacts after uniaxial MPC at 1.25 GPa and sintering at 1450 �C for 3 h. However,
better results were produced by a combination of uniaxial MPC and SPS [50]. After
uniaxial MPC at a pressure of 2.1 GPa and subsequent SPS for 10 min at 1350 �C
(heating rate 100 �C/min) and a pressure of 50 MPa, bulk samples with a relative
density of 99.7% were obtained. No grain growth was observed after these opera-
tions. It is interesting to note that Al2O3–ZrO2(Y2O3) nanosized composite pow-
ders compacted by MPC up to a relative density of 55% could be sintered to a
density of 99% by SPS at 1350 �C [51]. This shows that a combination of MPC and
SPS is very promising for the fabrication of dense ceramics.

The behavior of ZrO2 during compaction was reported in a number of publica-
tions [52, 53]. The compaction resulted in the formation of 80% dense materials,
which were further densified during sintering up to a density of 96%. Radial MPC
followed by sintering at 1600 �C was used to consolidate yttria powders
[54, 55]. After MPC the density was 69%; after sintering it increased to 98.6%.

The successful process of MPC depends on the plasticity of the material or the
content of a binder. Therefore, composite mixtures can be anticipated to behave
during MPC in a way similar to metals. The details of MPC of Al–Al2O3 were
presented in Ref. [56]. The size of Al2O3 particles was 40 nm, while the size of Al
particles was 154 nm. The grain size of the sintered materials was 1–2 μm. The best
mechanical properties were observed in the composite containing 15% of Al
compacted at 0.3 GPa and sintered at 1550 �C. The microhardness of the composite
was 19.4 GPa, and its fracture toughness was 7.3 MPa�m1/2.

MPC of Co–diamond composites was studied by Lee et al. [57]. After compac-
tion at 4 GPa, the density of the material was 86.4%, and upon subsequent sintering
it increased up to 99.6%. The hardness of the material was 99.8 HRB. Compared
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with conventionally processed Co–diamond composites, composites produced by
MPC were denser and had higher hardness and smaller grains. The compacts
produced by this technique can be used in drilling tools and offer longer service
lives of the drilling tools made of these materials and higher drilling rates.

9.5 Summary

MPC is a technique based on the quasi-dynamic pressing of powders. It does not
employ strain rates of the level usual for the dynamic compaction; however, its
deformation rates by orders of magnitude exceed those in the conventional quasi-
static powder pressing. It should be also noted that MPC does not usually involve
any direct interaction of the magnetic field with powder materials. Rather, it uses the
kinetic energy of the tooling rendering the conditions of the quasi-dynamic com-
paction. This intermediate position of MPC between quasi-static and dynamic
compaction of powders provides it with some rather unique capabilities, including
the preservation of the nanostructure of the obtained materials and the suitability
for a wide range of shapes – from disks and tablets to rods and tubes of great length.
Unlike dynamic pressing, MPC generates an acclivous leading edge of the compres-
sion wave, which excludes the emergence of the next discharge wave and avoids
exfoliation of the compacts. The method is divided into uniaxial pressing and radial
pressing. The understanding of the processes taking place during MPC has been
advanced in the last decade thanks to computer modeling. The following are
promising directions for the development of MPC technology: the use of multiple
pulses, repeated pressing of tablets with overturning, expansion of the shell at the
end of the pulse, and the combination of MPC with SPS.
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Chapter 10
Field Effects on Reacting Systems

10.1 Reactive Sintering: General Remarks

In modern consolidation methods, the term “reactive sintering” refers to processes,
in which a bulk material forms as a result of chemical reactions occurring during heat
treatment of powder mixtures. Energy from an external source is used to initiate
the chemical reaction and is continuously provided until the synthesis is complete
and during further sintering. A more efficient approach is pressure-assisted reactive
sintering, which facilitates densification of the reaction products. Therefore, reactive
sintering can be considered as a combination of two processes: chemical reaction
and densification. The extent of densification is a matter of materials design; either
fully dense or porous materials can be obtained after the reaction step is complete.

Densification of a reaction mixture itself can occur under applied pressure at low
temperatures before the reaction starts. In an ideal situation, when the reaction is not
accompanied by a volume change, a dense reaction product can be obtained
[1]. However, in most cases, the volume of the product is different from the sum
of the volumes of the reactants, and the reaction interferes with the initially achieved
densification through the formation of cracks and other macrodefects, which makes
it necessary to consolidate the product after the reaction.

The advantages of compaction and sintering of the reaction products while they
are still warm after an exothermic formation reaction have been widely appreciated
in the field of SHS. Substantial experience has been accumulated in the SHS
accompanied by the product densification [2–6] and thermal explosion under pres-
sure [7, 8]. The SHS–dynamic compaction of the reaction product is performed
immediately after the reaction is complete using a uniaxial press specially designed
to accommodate the reacting systems. Mechanical pressure in such facilities can be
applied within seconds from the ignition of the reaction [6]. The remaining problems
of the SHS–dynamic compaction and thermal explosion under pressure are achiev-
ing 100% density and preserving grains smaller than 1 μm.
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The choice of reactive sintering is often dictated by its advantages for the
production of nanostructured materials. Many interesting and attractive properties
found in nanostructured materials – increased mechanical strength, hardness,
improved ductility and fracture toughness, increased wear resistance, superplasticity,
and tailorable magnetic behavior [9] – present a constant stimulus to look for new
processing routes offering flexible control over the material structure and chemical
composition. In preparation of bulk nanostructured materials by powder sintering,
successful consolidation of powders without sacrificing the previously tailored
microstructure and phase composition of the material is the major challenge. The
term “in situ processing” is usually used to refer to processes, in which the desired
phase/phases of a material form during sintering or consolidation. The in situ
processing is suggested to give better results in terms of a more uniform microstruc-
ture compared to the ex situ processing [10, 11]. During an in situ processing, the
target phase is constructed from precursors at atomic, molecular, or crystallite levels.
Better interfacial compatibility, coherent interfaces, and interfaces free from con-
tamination are aimed by the in situ formation of inclusions in a matrix. However,
choosing reactive processing rather than conventional mixing and sintering of
non-reacting powders does not guarantee a fine-grained microstructure unless the
processing parameters are optimized.

The following problems can be encountered during a sintering process that is
accompanied by the formation of new phases by chemical reactions:

• The reaction is complete at lower temperatures than those required for efficient
densification of the product because the diffusion in the reaction product is
too slow.

• The product has already well-established contacts between the particles (severely
agglomerated product), which are too strong to allow for the particle
rearrangement [12].

• In multiphase products, the phases may have different sintering behavior (plays a
significant role when the phases are not mixed at the grain scale and form
agglomerates).

10.2 Driving Forces in Reactive Sintering

Savitskii [13, 14] emphasizes the importance of understanding the driving forces
acting during sintering of binary and multicomponent powder mixtures. A porous
body that is composed of powders of different chemical nature and capable of
interacting with each other possesses, beside an excess free surface energy, an excess
free energy associated with the potential of the system to form an alloy or a new
compound/compounds. Therefore, in order to determine which of the processes – the
action of the capillary forces or the alloy/compound formation – dominates during
sintering, the associated released energy amounts should be quantitatively com-
pared. The energy released during a chemical reaction between micron-sized
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powders is normally two to three orders of magnitude higher than that associated
with a reduction in the surface area of the particles of a densifying porous body. An
increase in porosity and an associated increase in the free surface energy are thus
thermodynamically allowed during a reactive sintering process when the chemical
reaction causes a release of a large amount of energy. Savitskii argues that much more
powerful chemical processes of the alloy and compound formation are not to be
considered as additional factors; rather, they should be dealt with as the main driving
forces for sintering of reacting powder mixtures. The surface energy factor becomes
dominant once the system has reached a chemical equilibrium. The difference in the
partial diffusion coefficients can lead to the formation of the diffusion-caused porosity
decreasing shrinkage during sintering or inducing swelling of the compact. The
process of chemical homogenization can accelerate sintering and promote densifica-
tion if the alloy formation during sintering decreases the material viscosity and
stimulates the material flow under the action of capillary forces. So, according to
Savitskii, the mechanism by which the system attains its chemical equilibrium during
sintering determines whether the sintering process is enhanced or hindered.

The application of electromagnetic fields to assist the densification process is thus
fully justified for systems that swell rather than shrink as a result of the chemical
interactions. For the mixtures of nanopowders giving a nano-particulate reaction
product, a change in the free surface energy associated with an increase in the
porosity and a change in the free energy of the system due to the chemical reaction
can be comparable. Therefore, no considerable increase in the compact porosity is to
be expected after the chemical reaction is complete.

10.3 Modeling of Reactive Sintering

Reactive sintering is a complex process because of a large number of parameters that
influence the sintering results. A unique modeling study was conducted by Olevsky
et al. [15], who elaborated a phenomenological model of reactive sintering that
involves chemical reactions. The basis of the model is the nonlinear viscous consti-
tutive relationship of the continuum sintering theory discussed in Chap. 4:

σij ¼ σ Wð Þ
W

φ _ε ij þ ψ � 1
3
φ

� �
_e δij

� �
þ PLδij:

In order to describe the behavior of the system that experiences phase trans-
formations during sintering or in which new phases form as a result of chemical
reactions, additional terms Pdc and Phd are introduced:

σij ¼ σ Wð Þ
W

φ _ε ij þ ψ � 1
3
φ

� �
_e δij

� �
þ PL � Pdc � Phdð Þδij: ð10:1Þ

Here Pdc and Phd take into account the change of the theoretical density caused by
the formation of the reaction product and the volume Kirkendall effect due to the
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difference in the intrinsic coefficients of diffusion, respectively. Modeling based on
the solution of Eq. (10.1) utilizes the dependences of Pdc and Phd on porosity. Using
the results of modeling of reactive sintering of Ni–Al, it was suggested to use an
external hypothetical heating device to control the self-propagating high-tempera-
ture synthesis. A heating regime that prevents the explosive progress of the reaction
was determined by calculations (Fig. 10.1).

10.4 Diffusion During Heat Generation by a Contact Source
and During Isothermal Annealing

The consequences of the highly localized heat generation at the inter-particle
contacts in electric pulse sintering can be revealed by analyzing the diffusion-
induced mass transfer in a pair of metals subjected to electric current. Intensive

Fig. 10.1 Results of the optimization of the temperature regime for reactive sintering of Ni–Al: (a)
temperature, (b) theoretical density, (c) phase composition, and (d) porosity evolution. An external
hypothetical heating/cooling device is introduced to control the self-propagating high-temperature
synthesis. (Reprinted from Olevsky et al. [15]. Copyright (1997), with permission from Elsevier)
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heat evolution occurring at the inter-particle contacts causes interdiffusion of the
contacting metals. In highly nonuniform temperature field, the contribution of
thermal diffusion is negligible, as was shown by Krishtal et al. for laser-treated
alloys [16]. Therefore, the calculations of the concentration profiles of the metals can
be performed not taking thermal diffusion into account. In a pair of metals with
unlimited mutual solubility (e.g., Cu–Ni), the calculated asymmetric concentration
profiles are explained by the differences in diffusion and thermal parameters of the
two metals [17]. The efficiencies of the mass transfer in the case of heating from the
inter-particle contact heat source and in isothermal heating can be compared using a
model system of two contacting cubes of different metals [18]. The comparison can
be made assuming the same thermal energy input in both cases. In the first case, the
heat is conducted from the contact source according to the laws of heat conduction;
in the second case, the same amount of heat is utilized to uniformly and instantly heat
the contacting metals up to an average temperature Tav. The heat evolved at the inter-
particle contact during time τ by the heat source of power density q can be expressed
as follows:

ΔQc ¼ qsτ,

while the energy required to heat the pair of the contacting metals from temperature
T0 to Tav is

ΔQis ¼ c1ρ1 þ c2ρ2ð ÞV Tav � T0ð Þ,
where s is the contact area, V is the volume of each metal, c1 and c2 are the specific
heat capacities of the metals, and ρ1 and ρ2 are their densities. Assuming the equal
energy input ΔQc ¼ ΔQis, Tav can be shown to depend on the s

V ratio. Burenkov and
Raichenko [18] considered a model of two contacting semi-infinite elements
representing materials differing in thermal properties and solved the diffusion
problem using the boundary layer method. This allowed calculating the ratio of
the volume of the species diffusing through the unit area in the case of the contact
heat source mc to that diffusing during isothermal annealing mis. Figure 10.2
shows that, when q is equal to 1 MW�cm�2 and τ is equal to 2�10�5 s, the mc

mis
ratio

increases from approximately 3 to 105 as the particle size increases from 45 to
330 μm. Such significant intensification of diffusion in the case of the contact source
is due to the highly localized evolution of heat in the regions adjacent to the contact
interface.

10.5 Initiation of Reactions by Electric Current

In conventional sintering, the thermal energy is supplied from an external source.
The process of reactive sintering can use the heat of an exothermic reaction between
the mixed powders [19]. In this case, only initiation of the reaction requires external
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heating. In reacting systems with sufficient adiabatic heating, densification occurs
via liquid-phase sintering [20].

A direct current of low voltage (4–24 V) was used to initiate a reaction of self-
propagating high-temperature synthesis by Belousov et al. [21]. They suggested
three types of possible reaction initiation: contact, breakdown, and volume initiation.

During the contact initiation, the synthesis starts at the contact surface between
the powder specimen and the plunger as a higher-temperature region due to high
contact resistance. The synthesis in the compacted reactants proceeds in the form of
a wave.

The concept of breakdown is based on a reduction of electric resistance along one
of the current lines. The breakdown initiation is caused by low-quality mixing or by
nonuniformities of the powder loading in the die. Regions adjacent to the
low-resistance line are the only regions that experience transformation, and the
rest of the sample is left unreacted.

A complete transformation is achieved when the volume initiation takes place.
It becomes possible when the whole sample experiences Joule heating and precau-
tions are taken not to initiate the reaction according to the other scenarios mentioned
above.

Morsi and Mehra [22] highlighted the challenge of quantifying the electric
current passing through the sample sintered in a die in setups, in which both the
sample and the die carry a certain fraction of the total current. In order to overcome

Fig. 10.2 Dependence of log10
mc
mis

on the size of the contacting particles, q ¼ 1 MW�cm�2,
τ ¼ 2�10�5 s. (Drawn using data of Ref. [18])
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this difficulty, a container-less setup utilizing a direct current of 600–1000 A was
designed. Only a contacting (low) pressure was applied to the pre-pressed sample;
for this reason the setup was suitable for the production of porous materials. For a
mixture of aluminum and titanium powders, which were pre-pressed to form a
sample of cylindrical shape, it was found that the time of the current application
needed to fully engulf the sample in a combustion reaction to form Al3Ti as the
major phase decreased with increasing electric current. An interesting observation
was an increase in porosity of the sintered samples with an increase in electric
current indicating poor sintering of the reaction product. Diametral swelling of the
samples was observed: the higher was the electric current applied, the greater was the
swelling effect. The central part of the reacted cylinder was less dense than the top
and the bottom regions. The role of the contact of the sample with the WC–Co
electrodes was twofold: sparking was observed at the contact regions possibly
resulting in higher than the average local temperatures; at the same time, heat
dissipated through the electrodes. Both factors could have contributed to the differ-
ences in the sample density along the vertical axis.

10.6 Faster Reactions Under Applied Field

Experiments conducted by Bertolino et al. [23, 24] revealed the intrinsic effect of
electric current on the growth of the product layer between the foils of two metals
reacting with each other. A layer of a metal (Au) was sandwiched between two layers
of another metal (Al) and annealed with and without a electric current at a constant
temperature. Samples shown in Fig. 10.3 were annealed at 450 �C for 4 h without
any current and under current densities of 0.51∙103 A cm�2 and 1.02∙103 A cm�2.
The micrographs of the cross sections of the annealed samples show that the growth
of the intermetallic layer at the Al and Au interfaces was greatly affected by the
electric current, the product layer becoming thicker with increasing current density.

From the quantitative representation of the effect (Fig. 10.4), one can see the
difference in the slopes of the lines corresponding to experiments with different
values of electric current and the experiment without electric current. There exits an
incubation time for the nucleation of the product layer. In the absence of current, it
was necessary to anneal the samples for 20 h before the product layer could be
detected. The incubation time for the nucleation of the intermetallic phase was
drastically reduced as the current was applied. A current density could be chosen
to reduce the incubation period to essentially zero.

Anselmi-Tamburini et al. [25] investigated the solid-state reactivity under electric
field by making Si and Mo foils interact under the spark plasma sintering (SPS)
conditions. An assembly shown in Fig. 10.5 was used to conduct the experiments.
The primary reaction product was MoSi2 with Mo5Si3 as a minor phase. The
direction of the electric current did not influence the thickness of the MoSi2 layer,
but the growth rate of the product phase showed a strong dependence on the current
value. The activation energy for the formation of MoSi2 was calculated to be
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168 kJ∙mol�1 for the case of applied current, which is in general agreement with
reported values for growth in the absence of a current. This allowed the authors to
suggest that the reaction mechanism did not change when the reaction was
performed under an electric current; however, the mass transport was enhanced by
the applied current, very likely due to increased defect mobility and/or concentration
[26]. A conclusion that the MoSi2 growth rate did not depend on the direction of
electric current was made based on the equal thicknesses of the product layers on
both sides of the silicon wafer [25]. This result may seem to be opposite to what
could be anticipated from the electromigration theory. The authors suggested that the
classical electromigration studies cannot be performed using a system, in which the
processes occurring during annealing under electric current are complicated by the
formation of a compound/compounds. In order to form a new phase, the diffusion of
both reactants may be necessary as in the case of the formation of MoSi2. If diffusion
of one of the reactants is enhanced by electromigration, the growth rate will still
depend on the slower diffusing species. For electromigration studies, such systems
as Cu–Ni should be chosen, in which only continuous solid solutions exist [27].

Fig. 10.3 Effect of electric current on the growth of the product layer at Al/Au interfaces in the
samples (Al/Au/Al sandwich) annealed at 450 �C for 4 h: (a) no current, (b) current density 0.51∙10
3 A cm�2, and (c) current density 1.02∙103 A cm�2. (Reprinted from Bertolino et al. [23]. Copyright
(2001), with permission from Elsevier)
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Unlike the Mo–Si system (Figs. 10.6, 10.7), the Mo–C and Ni–Ti systems
reacting under an applied current showed a dependence of the activation energy of
the reaction product formation on the current density. The product layer between
carbon and molybdenum layers grows faster as the current density increases
(Fig. 10.8). The dependence of the activation energy on the current density for the
growth of the β-Mo2C layer as a result of the reaction between Mo and C is shown in
Fig. 10.9 [28]. In the Ni–Ti system [29], the effect was observed for all reaction

Fig. 10.4 Effect of electric current on the growth rate of the layer of an intermetallic compound
between the Al and Au foils. The thickness of the layer is plotted versus the square root of the time
following the parabolic growth law. The samples are disks with a diameter of 5 mm. Data are for
experiments at 400 �C. (Reprinted from Bertolino et al. [24]. Copyright (2002) by permission of
Taylor & Francis Ltd., www.tandfonline.com)

Fig. 10.5 Schematic of an assembly for conducting chemical reaction between Mo and Si in the
presence and absence of electric current in the SPS facility. (Reprinted from Anselmi-Tamburini
et al. [25]. Copyright (2005), with permission from Elsevier)
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Fig. 10.6 Growth rates of the MoSi2 layer between a Mo foil and at a Si wafer at different
temperatures in the SPS in the presence and absence of electric current flowing through the sample.
(Reprinted from Anselmi-Tamburini et al. [25]. Copyright (2005), with permission from Elsevier)

Fig. 10.7 Arrhenius plots of the temperature dependence of the growth rate of MoSi2 in the
presence and absence of electric current flowing through the sample. (Reprinted from Anselmi-
Tamburini et al. [25]. Copyright (2005), with permission from Elsevier)
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product phases; however, the most significant reduction of the activation energy was
found for the Ni3Ti intermetallic. The results were explained in terms of an altered
product growth mechanism due to current-enhanced mobility of defects.

Anselmi-Tamburini et al. [30] compared the thickness of the HfB2 product layer
(Figs. 10.10, 10.11) formed on hafnium particles in a Hf-B mixture partially
reacted during the SPS with that observed in the diffusion couple experiments.
The thicknesses of the HfB2 product layers agreed well with results of calculations
from the diffusion couple experiments. A conclusion was made that the reactivity in
this system was not changed by the applied current.

Munir et al. [31] consider three main mechanisms of enhanced mass transport
under applied current, which are electromigration, increased concentrations of point
defects, and reduced activation energy for the mobility of defects, which can lead to

Fig. 10.8 Optical images of the Mo–C diffusion couple annealed at 1569 �С for 20 min at different
current densities 0 A cm�2 (a), 521 A cm�2 (b), 732 A cm�2 (c), 1145 A cm�2 (d), and 1476 A cm�2

(e). (Reprinted from Kondo et al. [28]. Copyright (2008) with permission from Japan Society of
Powder and Powder Metallurgy)
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their faster annealing. If defects are already present in a material, they tend to anneal
at a higher rate under an imposed current, which was shown by positron annihilation
spectroscopy [26]. An increased defect annealing rate was observed in Ni3Ti under
applied current and was attributed to a decrease in the activation energy of the defect
mobility.

Similarly, Mackenzie et al. [32] considered DC field as an external factor
influencing the mobility of the migrating species in the course of a chemical reaction.

Fig. 10.9 Calculated values of the activation energy for the growth of the β-Mo2C layer as a
function of the current density. (Reprinted from Kondo et al. [28]. Copyright (2008) with permis-
sion from Japan Society of Powder and Powder Metallurgy)

Fig. 10.10 A HfB2 product
layer formed on hafnium
articles in the partially
reacted Hf-B mixture during
the SPS; the maximum
temperature in the
experiment was 1100 �C.
(Reprinted from Anselmi-
Tamburini et al.
[30]. Copyright (2006) with
permission of Springer)
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In the studies of the influence of a DC field on the formation of calcium aluminates in
the mixtures of CaO and Al2O3 powders, the contents of the product phases were
greater in the vicinity of the positive electrode than in the vicinity of the negative
electrode. The similarity of the curves describing the phase formation dynamics with
increasing temperature suggested that the application of an electric field did not
change the reaction mechanism but increased the reaction rate. In a conventional
solid-state reacting system, Ca2+ diffuses into Al2O3. The electric field vector acts to
reinforce the diffusion of Ca2+ into A12O3 for all grain orientations, in which the
Ca-containing component is more positive than the Al-containing component. For
grain orientations, in which the Al-containing component is more positive, the
effect of the field will be opposite to the direction of thermally induced diffusion,
so that Ca2+ will experience little displacement. The electric field vector will also
promote some diffusion of A13+ into CaO under these conditions. However, this
effect is not expected to take place to any significant extent as the diffusivity of Al3+

is relatively low. Based on these considerations, Mackenzie et al. concluded that the
net effect of the field is to promote diffusion of Ca2+ into A12O3 grains at the positive
electrode, resulting in the enhanced formation of calcium aluminates in that region.
The concentrations of all reaction products were lower near the negative electrode
than near the positive electrode, but still higher than in the sample, to which no
electric field was applied.

Neiman et al. [33] derived an equation describing the kinetics of diffusion-
controlled reaction under a constant applied field. They considered reactions of
synthesizing ABO4 compounds from the AO and BO3 oxides, where A is Pb or
Ba and B is Mo or W. In these reactions, diffusion of Mo or W determines the rate of
the process. The thickness of the reaction product ABO4 was found to be related to
the applied voltage U through the following equation:

l2 ¼ 2Vτ
σtB
zBF

ΔG0
�� ��
zBF

þ U

� �
,

Fig. 10.11 A HfB2 product
layer formed on hafnium
articles in the partially
reacted Hf-B mixture during
the SPS; the maximum
temperature in the
experiment was 1445 �C.
(Reprinted from Anselmi-
Tamburini et al.
[30]. Copyright (2006) with
permission of Springer
Nature)
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where l is the thickness of the reaction product, V is the molar volume of ABO4, τ is
the time, zBF is the charge of 1 g-atom of ion B, tB is the transport number of ion B,
σ is the conductivity of ABO4, and ΔG0 is the standard Gibbs free energy of the
reaction AO + BO3 ¼ ABO4. When the applied field promotes transport of the rate-
limiting species, which is B ion in this case, the reaction accelerates and vice versa
and can be stopped by an applied voltage of U ¼ � |ΔG0|/zBF. Experiments were
conducted using compacts of Pb2MoO5 and MoO3, which were put in contact and
subjected to the action of a constant field by means of Pt electrodes. The current
in the circuit was of the order of 2 mA. +U polarization corresponded to (�)
Pt j Pb2MoO5 jMoO3 j Pt(+). Indeed, the acceleration of the reaction up to a certain
voltage has been proved experimentally; however, with a further increase in the
applied voltage, ABO4 experiences decomposition due to a reaction of electrolysis
(Fig. 10.12). At U < 0, the reaction rate is low, but the reaction does not stop
completely, which points to the participation of species carrying no electrical charge.

10.7 Slower Reactions Under Applied Field

An interesting effect of electric field slowing down a chemical reaction was observed
when the CaO and Al2O3 reactants were in the form of pre-pressed pellets brought in
contact by their surfaces [34]. The product layer was thicker when the CaO pellet
was positive relative to the Al2O3 pellet than in the case of the opposite polarity.

Fig. 10.12 The thickness of the product layer PbMoO4 versus the applied voltage (shown
schematically) (Drawn using data of Ref. [33])
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However, in this configuration, a greater degree of interdiffusion was observed in the
sample without electric field than in the samples subjected to the electric field. The
observed difference was explained by a greater degree of intergranular sintering
occurring in the CaO pellet under the applied field and hindering grain-boundary
diffusion, which plays an important role in the interdiffusion processes between CaO
and Al2O3. These results show that when electric current is applied with an aim of
accelerating diffusion, early sintering between the reactant particles should be taken
into account, as it may hinder grain-boundary diffusion and thus slow down the
reaction kinetics. This example is significant, as it shows the multidirectional
influence of electric current on the compacts composed of mixed powders. Sintering
of particles of a reactant will, of course, not be an issue when the reactants are
thoroughly mixed with each other and the number of contacts between particles of
the same material is limited.

Zingel [35] conducted thermolysis of KMnO4 in a constant field in the noncontact
mode and found that as the field intensity increases, the kinetic constant of the
intermediate stage of thermal decomposition decreases, reaches a minimum, and
starts increasing again approaching the “zero-field” value. This behavior of the
reaction constant was explained by the changes in the electron concentration and
mobility in the applied field. The concentration and mobility of electrons determine
the electron-jump mechanism of electron exchange between MnO4

� and MnO4
2�,

which explains the effect of applied field on the decomposition rate of KMnO4.

10.8 Chemical Reactions Involved in High-Voltage
Processes

When the suitability of a field-assisted sintering technique is considered for
performing the synthesis simultaneously with consolidation, the total duration of
the process is the first parameter that needs to be taken into account. If the consol-
idation process is designed to be very fast by supplying a large amount of energy to
the powder compact within a short period of time (fractions of a second), only
reactions that are self-sustaining can fully convert the reaction mixture into a
product. Otherwise, the conversion will proceed to give only small reaction yields.

A single electric pulse formed by a capacitor discharge was able to initiate an
exothermic reaction of the formation of titanium diboride TiB2 in the Ti–B–Cu
compact [36], but it was insufficient for densification even at a current density as
high as 109 A∙m�2. The compact obtained by reactive pulse sintering was a porous
TiB2–Cu composite.

Under the action of a high-voltage discharge, powders of reactive metals are
prone to chemical reactions with the surrounding atmosphere. An et al. [37] have
shown that environmental electro-discharge sintering of a titanium powder in an
atmosphere of nitrogen results in the formation of titanium nitride TiN and titanium
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oxynitrides TiOxNy. The pre-existing oxide films of the particle surface present no
barrier for the reaction to occur as they experience dielectric breakdown at high
voltages and mechanical destruction under applied pressure. Electric pulse sintering
can, therefore, be used as a method of surface modification of powders. If the electric
pulse sintering equipment is to be used for the powder surface modification only, the
pressure levels should be adjusted to avoid unnecessary particle sintering. When
nanosized powders of reactive metals are selected for sintering, the fraction of the
metal transformed into oxide, and nitride compounds can be quite high such that a
better description of the process would be a “synthesis” rather than surface
modification.

Sizonenko et al. [38] proposed high-voltage electrical discharge applied to
suspensions of metal powders in hydrocarbon liquids as a promising method of
the synthesis of fine particles of carbides. In their studies, suspensions of a titanium
powder were subjected to high-voltage electric discharge. It was found that the yield
of titanium carbide TiC increased with increasing current density in the discharge
channel.

New synthesis possibilities discovered upon the development of electric
discharge-assisted mechanical milling [39] are inspiring for the future applications
of electric pulse sintering, as there are similarities between these two processes. In
electric discharge-assisted mechanical milling, a voltage of 30 kV is used, which is
applied to the milling bodies and the bottom of the milling vial. The currents are
reported to be low (in the microampere range), but the current densities can be high
when the current has to pass through an agglomerate of powder particles or a single
particle. The powder particles experience a grinding action from the milling bodies
combining impact and shear forces. The conditions of the method are suitable for
performing the synthesis of compounds from powders and components of the
gaseous atmosphere as reactants. Calka et al. [40] demonstrated that during electric
discharge-assisted mechanical milling, the Al–Mg powder mixtures fully transform
into oxides, which further react with each other to form the MgAl2O4 spinel.
The MgAl2O4 spinel obtained by electric discharge-assisted mechanical milling
had a larger lattice parameter compared with that reported for the stoichiometric
compound. The milling is performed for several minutes, which certainly raises a
question of whether or not the action of a single electric discharge in the electric
pulse sintering processes would be enough to conduct a similar synthesis. Further
investigations are necessary to clarify this issue. Similarly, an attractive feature of
the synthesis during electric pulse sintering is a possibility of obtaining and pre-
serving metastable crystalline states in the reaction products. It can be assumed
that, even though by applying a single electric pulse to a powder mixture it may not
be possible to achieve a complete transformation, metastable compounds of inter-
esting crystalline state can form containing high concentrations of lattice defects.
Such compounds are likely to show an increased chemical reactivity if used as
precursors in further syntheses and interesting defect state-dependent physical
properties.

330 10 Field Effects on Reacting Systems



10.9 Synthesis and Sintering by Microwaves

Microwave energy can be used either to enhance the reaction kinetics or to trigger
chemical reactions at lower temperatures. Electromagnetic fields in the form micro-
waves have been used to conduct synthesis of many materials, as has been reviewed
by Agrawal [41] and Rao et al. [42]. In the synthesis of oxide materials, a concept of
prereduction of phases (reactants) was adopted [41]. The main idea was to create a
defect structure in the oxide to produce a highly microwave absorptive precursor.
This approach allowed enhancing the reaction kinetics dramatically and synthesizing
complex oxide materials at temperatures several hundred degrees lower than in
conventional processes.

Synthesis of different ceramic materials, such as SiC, TiC, Mo2C, and MoSi2, has
been implemented from the mixtures of elemental powders [42]. The main require-
ment to the reaction mixtures suitable for conducting synthesis by initiating a
reaction by microwave heating is the presence of at least one microwave susceptor
among the reactants, which would be heated and would transfer heat to the other
components by thermal conduction. If the reaction is associated with a sufficient
enthalpy change, local ignition may be enough to transform all the reactants by a
moving high-temperature reaction front. For the synthesis of carbides, a high
microwave susceptibility of graphitic carbon is utilized. The reaction between
molybdenum and silicon powders cannot be initiated by microwave heating, as
both silicon and molybdenum are poor microwave susceptors. In order to synthesize
MoSi2 from the elements by microwave heating, carbon powders were added to
the reaction mixture [43]. This led to the formation of both SiC and MoSi2 phases.
It was, therefore, suggested to pelletize the Mo–Si reaction mixture and cover it by a
layer of amorphous carbon. The product of the microwave synthesis was a well-
sintered pellet of MoSi2 after a surface layer of SiC had been removed.

Microwave synthesis and sintering can be conducted as separate stages [44, 45]. In
this case, the solid-state synthesis is conducted in the powder state, and the product is
cooled down to room temperature and pressed into a pellet to be further sintered by the
same microwave treatment [44]. Another possibility is synthesis in the pre-compacted
pellet, which is further ground into a powder and then pressed again before sintering
[45]. Grinding the reaction product can eliminate the problem of the formation of
strong agglomerates during the high-temperature synthesis reaction that hinder further
densification.

In Ref. [44], a ball-milled mixture of Mg(OH)2 and silica gel was calcined at
different temperatures using microwave heating. As can be seen from Fig. 10.13, the
forsterite Mg2SiO4 was formed after calcination at 900 �C. Upon treatment at a
higher temperature, the forsterite crystallites grew in size, as indicated by narrower
reflections on the XRD patterns of the synthesized product. The product was cold-
pressed up to a relative density of 49.5% and then sintered by conventional sintering
and microwave sintering at the same temperatures. It was found that microwave-
sintered specimens showed higher relative densities than the conventionally sintered
ones (Fig. 10.14).
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Microwave synthesis was reported to present advantages over conventional solid-
state synthesis and melting-based techniques for the rapid synthesis of TiNiSn – a
promising thermoelectric material [45]. The microwave treatment of the Ti–Ni–Sn
powder mixture was carried out using a SiC powder as a microwave susceptor

Fig. 10.13 XRD patterns of the Mg(OH)2–silica mixtures ball milled and calcined at different
temperatures using microwave heating. (Reprinted from Barzegar Bafrooei et al. [44]. Copyright
(2013) with permission from Elsevier)

Fig. 10.14 Density of the sintered forsterite ceramics prepared by conventional sintering (CS) and
microwave sintering (MS). (Reprinted from Barzegar Bafrooei et al. [44]. Copyright (2013) with
permission from Elsevier)
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placed around the sealed tube containing the reaction mixture. Alloying in the Ti–
Ni–Sn powder mixture was complete in 4 min and 20 s such that the major phase was
TiNiSn. Further treatment of the reaction product resulted in decomposition of the
TiNiSn phase (Fig. 10.15).

Cesário et al. [46] synthesized and sintered Ce0.8Yb0.2O1.9 from a mixture of
CeO2 and Yb2O3 powders using microwave sintering and conventional sintering; the
latter was used for comparison. The final temperature reached during the microwave
sintering and conventional sintering was the same and equal to 1500 �C. The
synthesis was complete in both processes resulting in the formation of a single-
phase material of fluorite structure. The main result of their work was the achieve-
ment of a higher relative density and a finer grain size by the microwave processing
(96.54%, 2 μm) compared with conventional sintering (94.82%, 5–10 μm). The
microstructures of the ceramics obtained by reactive sintering are shown in
Fig. 10.16. Compacts sintered by microwave exhibited a higher bulk electrical
conductivity compared with conventionally sintered compacts.

Reactive sintering by microwaves was also shown to be beneficial for the
development of CaBi4Ti4O15 ceramics with a high dielectric constant and low
dielectric losses [47], synthesis and sintering of potassium sodium niobate lead-
free piezoelectric ceramics [48], and Gd2Zr2O7 pyrochlore waste forms promising
for immobilization of nuclear waste [49]. Shorter holding times, faster heating, and
promising properties of the obtained ceramics allow considering microwave reactive

Fig. 10.15 XRD patterns of the Ti–Ni–Sn mixture microwave processed for different durations;
the Miller indices mark reflections of the TiNiSn phase. (Reprinted from Lei et al. [45]. Copyright
(2015) with permission from Elsevier)
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processing as an energy-saving alternative to conventional sintering that also pro-
duces materials with better functional performance.

Microwaves can be used to synthesize intermetallics from the mixtures of metal
powders [50, 51]. Microwave ignition of a combustion reaction presents a promising
alternative to thermal ignition, as microwave heating is limited to the sample (reaction
mixture) alone and does not involve its surroundings (holders, plates, etc.). Consider-
ing a certain penetration depth of microwaves into the material (which depends on the
material properties), the ignition can be highly localized. Rosa et al. [51] studied the
initiation of combustion synthesis of aluminide intermetallics starting from the ele-
mental powder mixtures containing ferromagnetic metals (Fe, Co, Ni) in a microwave
single-mode applicator. The samples were placed in the regions, in which either
electric field or magnetic field dominated. The ignition of the combustion reactions
in the predominant magnetic field allowed avoiding the generation of electric arcs and
reducing the ignition times and the power required to synthesize the intermetallics. The
experiments conducted in the predominant magnetic field were also more reproducible
than the experiments conducted in the predominant electric field. The reactions ignited
in the predominant magnetic field were more prone to occur in the self-propagating
combustion mode than the reactions initiated in the electric field due to a smaller
reactive volume reaching ignition conditions in the magnetic field. In the Fe–Al
system, the product of synthesis in magnetic field had a more uniform microstructure
and was less oxidized than the product synthesized in electric field.

10.10 Enhancement of Chemical Reactivity by Magnetic
Field

An example of a higher chemical reactivity in a magnetic field was presented by
Mitsui et al. [52]. Ferromagnetic MnBi was synthesized by a solid-state reaction
between manganese and bismuth powders in a high magnetic field. The synthesis

Fig. 10.16 Ce0.8Yb0.2O1.9 reactively sintered from a mixture of CeO2 and Yb2O3 powders by
conventional furnace sintering at 1500 �C, heating rate 2 �Cmin�1, holding time 5 h (a), microwave
sintering 1500 �C, heating rate 120 �C min�1, holding time 15 min (b). (Reprinted from Cesário
et al. [46]. Copyright (2016) with permission from Elsevier)
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was conducted at a temperature of 523 K, which is below the eutectic temperature in
the system. Therefore, the synthesis was conducted in the solid state. The concen-
tration of the ferromagnetic MnBi phase in the sample sintered at 15 T was about
70 wt.%, which was much greater than in the mixture sintered in the absence of
magnetic field (5 wt.%), as can be deduced from the XRD patterns of the products of
annealing (Fig. 10.17). It was concluded that magnetic field dramatically enhances
the formation of MnBi phase from Bi and Mn reactants. The authors suggested that

Fig. 10.17 XRD patterns of the Mn + Bi powder mixtures sintered in magnetic field of 0 T (a),
10 T (b), and 15 T (c); hkl numbers denote the Miller indices of MnBi. (Reprinted fromMitsui et al.
[52]. Copyright (2014) with permission from Elsevier)
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magnetic field lowers the activation energy of the reaction between Mn and Bi. A
large uniaxial magnetic anisotropy of MnBi caused the crystal orientation in the
process of reaction sintering. In the synthesized product, the c-axis of the hexagonal
structure of MnBi was oriented parallel to the magnetic field. The advantage of
in-field solid-state sintering over the conventional methods, such as arc-melting,
induction melting, and crystallization of the melt-spun ribbons, was in the possibility
to achieve crystal orientation during the synthesis of the MnBi phase.

In Ref. [53], MnBi was synthesized from solid Mn and liquid Bi using in-field
heat treatment. In the presence of liquid bismuth, the reaction was fast, and the
influence of magnetic field on the synthesis was not detected using the experimental
design selected by the authors. Reactive liquid-phase sintering in the presence of
magnetic field produced the reaction product of the same composition as sintering in
the absence of field. However, the magnetic field did influence the crystallite size of
the synthesized MnBi: the crystallite size of the samples obtained at 0 and 15 T was
36 and 63 nm, respectively. So, the crystallites coarsened under conditions of in-field
reactive sintering. The ferromagnetic MnBi crystals in the in-field sintered material
were oriented along the direction of the external magnetic field.

10.11 SPS Dies as Chemical Reactors with Controlled
Temperature and Atmosphere

The introduction of SPS facilities into laboratory practice in many research institutes
and universities has significantly broadened the research audience interested in this
powder processing technique. Thanks to the possibilities of heating with a controlled
rate under dynamic vacuum, SPS facilities can be used as convenient and user-
friendly high-temperature reactors for conducting solid-state synthesis. Multiple
electric pulses used in the SPS technique have a positive effect on the reaction
completion and the structural uniformity of the synthesized products. Orrù et al. [54]
have thoroughly reviewed the accumulated data on the consolidation of materials by
electric current-assisted sintering using a systematic approach based on the metals–
ceramics–composites classification. From that review, it is clearly seen that a great
variety of materials – ceramics, composites, nanostructured materials, and porous
materials – have been synthesized using SPS. Indeed, SPS dies possess several
advantages as chemical reactors (Fig. 10.18):

• High-temperature synthesis under protective conditions of dynamic vacuum
• Rapid heating and cooling
• Enhanced reactivity and lower reaction onset temperatures for certain systems
• Reducing atmosphere, a possibility of reduction of contaminating oxides present

on metal powders
• In situ reduction of oxides that can be used to form oxygen-deficient oxide phases

with promising properties
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• Syntheses can result in the formation of products in different states (unsintered
powders, porous compacts, or fully consolidated materials)

The following types of reactions are possible to conduct in the SPS chamber:

• Targeted synthesis of new compounds from the mixtures of solid reactants
• Decomposition reactions
• Interfacial reactions/partial alloying between the phases in composites to modify

their properties and control adhesion between the phases

Characteristic features of reactive sintering in comparison with sintering of
non-reacting powders are related to additional factors, such as uniformity of distri-
bution of the reactants in the mixture, heat release during exothermic reactions,
specific volume change, and the presence of reaction by-products or remaining
reactants due to incomplete reactions. Table 10.1 summarizes the characteristic
features of reactive sintering and their consequences for the SPS process.

The formation of extensive amounts of liquid phases should be avoided in order
to keep the structural integrity of the SPS die. The formation of liquid phases is not
desired when products with fine grains need to be synthesized. When reactions are
performed in the SPS dies, certain issues can be addressed as allowed by the
capabilities of the SPS facilities. The applied pressure is instrumental in rearranging
the reactant particles during early stages of the synthesis as well as in densification of
the porous reaction product.

Fig. 10.18 SPS die as a high-temperature chemical reactor. (Reprinted from Dudina et al.
[55]. Copyright (2013) D. V. Dudina, A. K. Mukherjee. This is an open access article distributed
under the Creative Commons Attribution License, https://creativecommons.org/licenses/by/3.0/)
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Reactive SPS can be aimed at the synthesis of one phase of a composite; the other
phase can be added to the reaction mixture as a previously synthesized compound
[56]. For exothermic reactions, such ex situ introduced compounds serve as diluents
decreasing the adiabatic temperature of the system and making it possible to control
the grain size of the compound synthesized directly during the SPS.

Syntheses of refractory materials and composites are often based on highly
exothermic reactions. The initiation of a reaction in a self-propagating mode and a
thermal explosion mode relies on heating of the system locally and through the entire
volume, respectively. When the reaction mixture is placed in a SPS die, the initiation
of reactions occurs throughout the sample volume when the reaction mixture is
electrically conductive and uniformly packed, while the reactants are uniformly
intermixed.

During the SPS processes involving highly exothermic reactions, a controlled
power input allows maintaining the temperature schedule with only small deviations
of the temperatures from the programmed values. This is achieved by a controlled
drop of current through the sample once the reaction is initiated in the system. Even
when the reaction mixture transforms with the evolution of a large amount of heat, a
strong control of the temperature in the SPS facilities still allows keeping the selected
heating schedule. Experimentally, a stability of the programmed temperature sched-
ule has been proven during the synthesis of titanium diboride [57] and rhenium
diboride [58] from the elements in the SPS. During the synthesis of rhenium diboride
from the elemental powders, only a minor hump can be noticed on the temperature
evolution curve (Fig. 10.19a). A programmed sintering schedule in the SPS appara-
tus does not allow excessive heat of the reaction to significantly influence the process
temperature as the current and voltage drop the very same moment the ignition of a
combustion reaction takes place (Fig. 10.19b), which is also accompanied by
shrinkage of the compact (Fig. 10.19c).

Contact surfaces between reactant particles are potential reaction initiation sites in
pre-mixed powder mixtures. Under pulsed electric current, initiation of the reaction
is more likely to occur in the high-temperature regions near contact points between

Table 10.1 Characteristic features of reactive sintering and their consequences for the SPS process

Characteristic features of reactive
sintering The consequences for the SPS process

Distribution uniformity of the
reactants in the reaction mixtures

Nonuniform distribution of zones of high electrical con-
ductivity can result in local temperature-induced pro-
cesses (chemical reactions, melting, phase redistribution,
decomposition)

Initiation of the reaction locally
in certain preferred zones

The reaction initiates in the vicinity of zones of higher
electrical conductivity; additives of high electric con-
ductivity can be used to initiate the reaction

Heat release in exothermic reactions The programmed temperature schedule can still be
followed (little temperature overshooting)

The formation of reaction
by-products

Gaseous by-products are removed under conditions of
dynamic vacuum
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the powder agglomerates. These regions possess higher resistance than the volume
of the agglomerates at the early stages of synthesis/sintering. The local high-
temperature regions forming in the vicinity of necking points within a sample can
be the spots of the reaction initiation. If an additive with a high electrical conductivity
is introduced into a powder with a low electrical conductivity, local high-
temperature spots will form within the sample in the regions adjacent to the additive
particles. In order to avoid confusion between the influence of the high-resistance
regions, such as inter-particle contacts, and that of the added particles of a lower-
resistivity material, let us consider a scheme below (Fig. 10.20). The strings of white
circles represent particles of the major component of the sintered material, while
gray circles represent particles of a lower-resistivity material. According to P ¼ U2

R ,
where P is the power, U is the voltage, and R is the resistance, the power evolved in
the string of gray circles will be higher than in the string of white circles.

It was shown that when a pulsed electric current passes directly through the
sample, Ti–B powder mixtures with additions of Mg react at a lower temperature to
form TiB2 in comparison with the case when no electric current passes directly
through the sample [57]. The reaction is ignited in the hot spots generated within the

Fig. 10.19 Temperature (a), current and voltage profiles (b), and shrinkage (c) during the reactive
SPS of ReB2. (Reprinted from Locci et al. [58]. Copyright (2008) with permission from Elsevier)
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sample subjected to the electric current. The presence of hot spots as reaction
initiation centers is assumed based on the influence that the Mg additions exert on
the reaction between titanium and boron. Mg additions increase the conductivity of
the mixture of titanium and boron (the electrical conductivities of titanium and
magnesium are 2.38�106 and 2.26�107 S�m�1, respectively). The observed effects
of the Mg additions are a reduced ignition temperature and a more uniform sintered
product. When two samples of the same composition were sintered using the same
time–temperature schedule, the sample containing Mg additions showed a more
uniform microstructure along with a slightly lower density. The Ti–B–Mg reactive
system transforming under pulsed electric current provided evidence of its beneficial
influence on the microstructure uniformity of the sintered material. Mixtures of
titanium and boron powders containing Mg additions were sintered in a normal
SPS run in a graphite die and in a die insulated by means of BN. When the products
of the reaction in these two specimens were compared, the one that experienced the
action of electric current had a more uniform microstructure than the specimen
processed in the presence of the insulating layer (Fig. 10.21a, b). A more uniform
microstructure of the compact was obtained when the heating rate was increased
from 20 to 100 �C�min�1 due to a more uniform distribution of the ignition points
during the synthesis of TiB2 in the mixture of Ti and B containing the additions of
Mg (Fig. 10.21b, c).

Similar to conventional SHS, the reaction mode in reactive SPS depends on the
heating rate with a certain minimum heating rate required to ignite the reaction and
carry it out in a self-sustaining or explosion mode. Under slow heating, titanium
diboride forms from the coarse-grained elemental powders as a result of a sequence
of processes starting from the allotropic phase transition in titanium followed by the
formation of titanium monoboride TiB, a Ti-rich liquid phase and a further reaction
of the liquid with the remaining TiB and B to form the final product TiB2 [59].

Fig. 10.20 Introduction of
particles of a lower-
resistivity material into the
powder compacts creates
higher-temperature regions
within the compacts. The
strings of white circles
represent particles of the
major component of the
sintered material, while gray
circles represent particles of
the added lower-resistivity
material
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The reactants remain in the compact along with the product phase after SPS at
1150 �C, while the reaction is complete after SPS at 1250 �C. During further
densification at increased temperatures, the synthesized needlelike TiB2 grains
with micron and submicron cross-sections retain their shape and do not show any
significant growth.

The chemical properties and microstructural characteristics of the reaction mix-
tures, such as the mixing uniformity, grain size, and degree of agglomeration,
influence the microstructure of the product synthesized during SPS. This is also
true for other processes of reactive sintering. Important for the synthesis in the SPS is
a change in the electrical conductivity of the material in the sintering die with the
reaction advancement and a possibility of controlling the synthesis by varying the
electrical conductivity of the reaction mixtures. In order to initiate decomposition of
magnesium hydride MgH2, which is an insulator [60], the electrical conductivity of
the powder sample was increased by adding graphite. Magnesium – the product of
decomposition – also increases the electrical conductivity of the material in the SPS
die. This example shows that, as the reaction product accumulates, the conductivity
of the material in the die can change. If the reaction product has a higher electrical
conductivity than the initial compound or the reaction mixture, the reaction is self-
accelerated due to the in situ formation of conductive particles, which induce the
formation of hot spots in the remaining, not yet fully reacted, powder mixture or not
yet fully decomposed powder of a compound.

Fig. 10.21 Microstructure of the reaction product in the mixture of Ti–B–Mg processed by SPS:
(a) reacted in the die with a BN-insulating layer, 100 �C�min�1; (b) in a graphite die without
insulation, 100 �C�min�1; and (c) in a graphite die without insulation, 20 �C�min�1. (Reprinted
from Salamon et al. [57]. Copyright (2007) with permission of John Wiley & Sons)
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Partial reduction of oxides during the SPS presents another way of increasing
electrical conductivity of the material in the sintering die. Interestingly enough, it can
be used to advantage to facilitate densification of materials that would otherwise
have been heated through thermal conduction from the die only. During the SPS of
nanocrystalline rutile TiO2, its partial reduction led to the formation of oxygen
vacancies and an increase in its electrical conductivity, which, in turn, made it
possible for the current to pass through the sample ultimately resulting in successful
densification of the material at unexpectedly low temperatures and pressures [61].

Munir [62] suggested that a fast chemical reaction accompanied by shrinkage of
the sample is the best scenario for the formation of a dense nanostructured or sub-
micron-grained material. However, the reaction and densification steps often do not
coincide during reactive SPS processing. When reaction is complete before densifi-
cation starts, then, in order to obtain a fully dense product, one has to resort to
sintering at higher temperatures. Such a situation develops when boron carbide
forms in the mixtures of amorphous boron and carbon black at temperatures as
low as 1200 �C, while temperatures as high as 1900 �C are required to produce a
dense compact from the reaction product, as was shown by Anselmi-Tamburini et al.
(Fig. 10.22) [63]. When chemical reaction and densification do not coincide, a further
increase in temperature is required to obtain a fully dense product for compounds, in
which self-diffusion is retarded. In certain cases, full-density sintered products could
only be obtained at the expense of excessive grain growth [64].

The interrelation between the grain size and the density of boron carbide B4C
synthesized from the mixtures of amorphous boron and carbon black nanopowders
was demonstrated by Hulbert et al. [65, 66], who used an off-set SPS die. Modeling
of the process suggested that the difference between the temperatures of the top and
bottom parts of the sample was 400 K. The sintered material had a structure with
gradients in the grain size and porosity. In the sample, the reaction product changed
from porous B4C with grains 200 nm in size to dense boron carbide with grains about
2 μm in size forming in the region of the sample that experienced higher sintering
temperatures.

An important factor in the SPS synthesis is the temperature range of the reaction.
The occurrence of the reaction at a low temperature is beneficial for making a fine-
grained product. If the reaction does occur within a wide temperature range during
heating of the reaction mixture in a SPS chamber, the upper temperatures of the
range are likely to destroy the nanostructure of the synthesized product formed at the
early heating stages. These considerations were illustrated by the synthesis of
AlMgB14 from a mechanically milled mixture of Al, Mg, and B during SPS
(Fig. 10.23) [67]. The first boride phase to form was the lower boride AlMgB4,
which appeared in the sintered sample at 600 �C. The AlMgB14 phase was found
after SPS at 800 �C, and the synthesis continued until the reaction was complete at
1325 �C. A noticeable shrinkage of the sample was observed starting from 1250 �C,
which is much higher than the reaction onset temperature. A fine-grained reaction
product was not favored as grains that nucleated in the beginning of the process
coalesced and continued to grow as the SPS temperature increased.
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Fig. 10.22 XRD patterns of B–C mixtures heated and reacted in the SPS (a) and relative density of
the B4C reaction product as a function of the sintering temperature (b). (Reprinted from Anselmi-
Tamburini et al. [63]. Copyright (2005) with permission of John Wiley & Sons)
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In single-phase materials synthesized by reactive SPS, the microstructure evolu-
tion can be described using the grain size and porosity characteristics. For single-
phase ceramics formed by highly exothermic reactions, it is very difficult to obtain a
fully dense material with nanosized grains because of local heat evolution and the
concomitant temperature rise. If the reaction is moderately exothermic, fine grains

Fig. 10.23 Volume fraction (a) and grain size (b) of the AlMgB14 phase as functions of the SPS
temperature. (Reprinted from Roberts et al. [67]. Copyright (2008) with permission from Elsevier)
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form, and further microstructural development depends on the densification behavior
of the reaction product. Thus, nanostructured molybdenum disilicide MoSi2 with
140 nm grains [62] and iron aluminides with grains between 30 and 90 nm [68, 69]
were successfully obtained from the corresponding mechanically milled mixtures, in
which the reactants were refined to the nanoscale and thoroughly intermixed.

In composite materials, the grain size may not be the same for all constituent
phases depending on the mechanism of the synthesis reactions and the tendency of
each material to coarsen during sintering. As a result, the porosity distribution may
not be uniform throughout the volume of the composite. When dealing with a
multiphase material, one has to take into account the differences in the properties
of the phases, such as characteristic grain growth and densification rates. An
illustration of the above considerations is the in situ synthesized B4C-23 vol.%–

TiB2 composites obtained by reactive SPS of the Ti–B–C mechanically milled
mixtures [56, 70]. The agglomeration of titanium diboride is seen in the sintered
B4C–TiB2 composites that were milled for durations insufficient for a uniform
distribution of titanium. The agglomerates of titanium diboride appear as areas
consisting of poorly sintered faceted grains 1–2 μm in size or larger, while boron
carbide-rich areas show submicron grains. In the areas where large titanium diboride
agglomerates are present, the fracture occurred in the intergranular mode. In the
same material, the boron carbide phase showed much smaller grains. The presence
of a pore inside a TiB2 agglomerate can be explained by a decrease in the specific
volume that accompanies the reaction between metallic titanium and boron. Boron
carbide, whose content in the composite was 77 vol.% and which played a the role of
a matrix, did not allow the TiB2 grains to rearrange and better sinter between
themselves (Fig. 10.24a). Due to a higher melting temperature of titanium diboride
in comparison with boron carbide, TiB2 agglomerates comprised the major part of
the total porosity of the composites. In order to eliminate this porosity, the distribu-
tion of titanium should be more uniform, which was achieved by a longer mechan-
ical milling of the reaction mixtures (Fig. 10.24b). These results demonstrated that

Fig. 10.24 Fracture surface of the TiB2–B4C composite showing an agglomerate of TiB2 grains,
reaction mixture milled for 4 h, SPS at 1600 �C (a) and a nearly fully dense TiB2–B4C, reaction
mixture milled for 16 h, SPS at 1700 �C (b). (Reprinted from Hulbert et al. [56]. Copyright (2008),
with permission from Elsevier)
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agglomerates of a phase with a higher melting temperature compared with other
phases of a composite may comprise a disproportionate part of the total porosity. In
order to eliminate this type of porosity, the distribution of particles of this phase
should be as uniform as possible. The formation of agglomerates should be avoided,
which is achieved through a uniform distribution of the reactant participating in the
formation of this phase in the reaction mixture.

10.12 Comparison of Reactive SPS and SPS of the Products
of Self-Propagating High-Temperature Synthesis
(SHS)

Licheri et al. [71] and Musa et al. [72] performed comparative studies of reactive
SPS and SPS of the products of SHS as applied to the production of ultrahigh-
temperature ceramics. The results of those studies were analyzed by Orrù and Cao
[73]. Two synthesis routes are schematically described in Fig. 10.25 [72]. In the
synthesis of a single-phase ceramic, the reaction during SPS occurs in a combustion
mode. HfB2 samples 95.4% dense could be produced by reactive SPS from the
elemental powder mixtures at 1800 �C and 50 MPa [72]. This pressure was applied
after the combustion reaction was complete; the initial pressure was 20 MPa. This
was the only difference in terms of the SPS parameters from the other processing

Fig. 10.25 Synthesis routes for producing ultrahigh-temperature ceramics: reactive SPS (reaction
and consolidation in a single process) and SPS of the products of SHS (RSPS – reactive SPS).
(Reprinted from Musa et al. [72]. Copyright (2012) with permission from Elsevier)
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route – SPS of the SHS product – in which a pressure of 50 MPa was kept constant
throughout the sintering cycle. When the product of SHS was sintered by SPS,
temperatures as high as 1850–1900 �C were needed to produce a 93% dense sample.
The composite system studied by Licheri et al. [71] was ZrB2–SiC; this system was
not formed by a combustion reaction upon heating in the SPS; rather, the B4C, Si,
and Zr reactants transformed into the reaction products in a gradual manner. In order
to achieve the same relative densities using the same SPS pressure, the SPS temper-
ature that was needed to consolidate the product of the SHS was 100 degrees lower
than that used in the reactive SPS of the mixture of B4C, Si, and Zr reactants. Orrù
and Cao [73] concluded on a better suitability of the reactive SPS route for dense
single-phase ceramics and the two-step processing (SHS followed by SPS) for dense
multiphase (composite) ceramics.

The benefits of the reactive SPS route for dense single-phase ceramics may be
related to the differences in the particle size and particle aggregate structure of the
reaction products obtained in the SPS die, in which heat dissipation is allowed, and
of those obtained via the SHS. With the temperature control during the SPS
processing, the temperatures in the sample reacting in the SPS die in a combustion
mode did not rise to the level of the conventional SHS. However, for reactions that
proceed gradually upon heating, the temperature-related considerations would be
hardly suitable to explain the differences between the densification behavior of the
SHS product and the material reacted in the SPS die. Licheri et al. [71] did not report
experiments with a two-step SPS pressure cycle for the ZrB2–SiC system, as was
done for the synthesis of HfB2 [72]. Therefore, there remains a question to be
answered in the future studies of whether completing the reaction under very low
pressure or in a pressureless experiment could serve as a good starting point for
manufacturing dense composite ceramics by means of reactive SPS with subsequent
higher-pressure densification stages. Sintering of composite powders synthesized by
the SHS is a promising alternative to sintering of mixtures obtained by blending of
the ceramic constituents [74, 75].

10.13 Preparation of Reaction Mixtures for Reactive
Sintering

Considering the availability of a wide variety of commercial nanopowders, one can
choose between sintering without a reaction step and reactive sintering in order to
produce a bulk nanostructured material. When selecting the state of reactants or the
type of precursors to be used in the synthesis, the quality of the available powders
such as purity, particle size, the presence of aggregates, as well as possible chemical
and phase changes during pre-sintering processing should be taken into account. In
order to prepare reaction mixtures by mechanical milling and mechanical alloying,
planetary ball mills, attritors, or vibratory mills are frequently used [76]. The reaction
between the components of the mechanically milled mixture occurs under conditions
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dramatically different from those typical of simple mixtures: the composite agglom-
erates with an increased interface area and a hierarchical structure form during high-
energy mechanical milling. The intensity and duration of mechanical milling are
important parameters, which influence the mixing uniformity, the structure of the
composite agglomerates, as well as the nature and extent of the chemical interaction
in the milled mixtures during milling and further sintering.

In order to obtain a nanocrystalline or a nanocomposite product by a chemical
reaction, a careful choice of reactants and their preparation procedures should be
made. In order to initiate the reaction at many nucleation sites at the same time, a
large number of contact points between the solid reactants should be established,
which is favored by well-developed interfaces between the reactants. The most
visible solution along this line is to have particles of reactants as small as possible
and mix them thoroughly avoiding the formation of aggregates of the particles of the
same type. However, as will be discussed later, a mixture of fine particles or grains is
not the only way to create conditions for the formation of nanosized reaction
products.

If two nanopowders are selected as the reactants and the aggregates of each
component are retained in the mixture, then the availability of the reactants to each
other is greatly reduced. In such cases, sintering of the particles of the same material
can occur before the reaction starts. Kim et al. [77] applied dry mixing and ultrasonic
treatment in liquid in an attempt to improve the mixing uniformity of nickel and
aluminum nanopowders and proved the former to be more efficient in achieving the
mixing uniformity and breaking the nanoparticle aggregates.

In order to obtain a nanograined product, it may be sufficient to have only some
reactants as nanopowders and others as coarser-grained powders. An example of this
possibility is the synthesis of nano-HfB2 through the reaction between a B4C
micron-sized powder, a HfO2 nanopowder, and phenolic resin [78].

The influence of the preparation procedure of a two-phase mixture of
nanopowders on the reaction onset temperature and the resultant microstructure of
the reaction product is clearly demonstrated in a comparative study conducted by
Stanciu et al. [79], who used three types of precursors for reactive sintering of
Al2TiO5: co-gelified Al2O3 and TiO2 powders, mechanical mixtures of Al2O3 and
TiO2 individual sol–gel powders, and powders synthesized by coprecipitation. As
can be seen from the XRD patterns, the reaction between the co-gelified Al2O3 and
TiO2 powders is complete after the SPS at 1150 �C and occurs only partially in the
other two precursors (Fig. 10.26). As can be seen from Fig. 10.27, the synthesis from
the co-gelified Al2O3 and TiO2 powders produces a much finer microstructure than
the synthesis from the powders obtained by coprecipitation.

The presence of the reaction products in the mechanically milled mixtures can
influence the subsequent SPS behavior of the system and the microstructure devel-
opment [62]. The partial formation of the reaction product reduces the driving force
needed for the reaction to be complete; at the same time, the product grains serve as
the nucleation centers. The presence of the reaction products in the mechanically
milled mixture of Mo–Si had a positive effect on the development of the nanostruc-
tured bulk product. On the other hand, during the synthesis of TiB2–TiN composites,
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Fig. 10.26 XRD patterns of the compacts produced from Al2O3 and TiO2 nanopowder mixtures of
different processing history by SPS at 1100 �C: (a) co-gelified Al2O3 and TiO2 powders, (b)
mechanical mixtures of Al2O3 and TiO2 individual sol–gel powders, and (c) powders synthesized
by coprecipitation (squares, Al2TiO5; triangles, TiO2; circles, Al2O3). (Reprinted from Stanciu et al.
[79]. Copyright (2003) with permission from Elsevier)

Fig. 10.27 Fracture surface of the compacts produced from Al2O3 and TiO2 nanopowder mixtures
of different processing history by SPS at 1100 �C: (a) co-gelified Al2O3 and TiO2 powders and (b)
powders synthesized by coprecipitation. (Reprinted from Stanciu et al. [79]. Copyright (2003) with
permission from Elsevier)
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the opposite effect was observed, and coarse grains were found in the bulk material
produced from the mixtures containing certain amounts of the reaction products after
milling. Handtrack et al. [80] performed mechanical milling of Ti–Si mixtures before
applying SPS to produce Ti–Ti5Si3 nanocomposites. The dispersion of silicon
during milling was important for the formation of fine particles of the reinforcing
Ti5Si3 phase and full consumption of Si in the chemical reaction. The partial
interaction of the finest particles of Si with the Ti matrix during milling did not
show any detrimental effect on the formation of a nanocomposite material
during SPS.

Mechanical milling of the powder mixtures prior to SPS enhances the kinetics of
solid-state reactions. Shorter SPS time was needed to fully convert Ti, B4C, and C
into the TiC–TiB2 composites when the mixture was mechanically milled [81, 82].

In reactive sintering of boron carbide from the elemental constituents by applying
pressure and AC current, the improvement in the final density with increasing
preliminary mechanical milling time was observed by Heian et al. [83]. However,
iron contamination was introduced during milling at levels detectable by the XRD
phase analysis.

Process control agents (PCA), which are additives of organic nature, are fre-
quently used in the mechanical milling practice to avoid excessive cold welding of
powders to vial walls, milling balls, and powder particles between themselves. PCAs
can also be a source of reacting species thus altering the phase composition and
influencing the microstructure development of the synthesized material. Thus,
methanol served as a PCA during milling of 3Fe–Al mixtures and was a source of
carbon for the in situ formation of a carbide reinforcing phase [84]. During the SPS,
κ-carbide Fe3AlC formed rather than Fe3Al, and the resultant material was a
two-phase composite Fe–Fe3AlC.

SPS can provide conditions for crystallization of amorphous alloy powders
resulting in the formation of nanocomposites [85, 86]. Such situations are not usually
classified as reactive sintering and are dealt with in the field of devitrification and
nanocrystallization of amorphous alloys. However, an amorphous solid can play the
role of a reactant capable of transforming into new phases by reaction with another
solid. Duan et al. [87, 88] successfully synthesized nanograined Si3N4–SiC ceramics
during SPS by crystallization of an amorphous silicon carbonitride obtained by
cross-linking of a polymer precursor followed by pyrolysis. The nanostructured
composite was not fully dense. However, when a nanocrystalline TiO2 powder
was added to the amorphous Si–C–N precursor, improved densification was
achieved. In the synthesized composite, the TiC0.3N0.7 phase formed a network
composed of 100–300 nm grains (Fig. 10.28). This network penetrated through
the regions of nanosized grains (20–30 nm) of the Si3N4–SiC composite. The XRD
patterns of the composites are shown in Fig. 10.29. This chemical modification
resulted in a fully dense material with an attractive combination of high fracture
toughness and electrical conductivity.

A phase with grains as small as 100 nm can form as a result of a solid-state
reaction between micron-sized powder reactants carried out in a SPS chamber
[89, 90]. Indeed, a fine-grained microstructure of the reaction products is favored
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when the reactants are mixed at the nanolevel or the process involves multiple steps.
Zhang et al. [89] implemented reactive SPS in the mixture of Ti, C, and Si powders.
The intermediate crystalline phases TiCx and Ti5Si3Cy formed first from Ti, Si, and C
and then participated in the following reaction:

4=3� 3zð ÞTiCx þ 1=3Ti5Si3Cy þ 2� 4=3x� 1� 3xð Þz� 1=3yð ÞC
! 1� zð ÞTi3SiC2 þ zSiC:

The SiC phase had a grain size of about 100 nm, while the other phase – Ti3SiC2 –

had grains up to 5 μm (Fig. 10.30). The formation of SiC through intermediate solid
phases is crucial for the microstructure development of the Ti3SiC2–SiC
nanocomposite from the mixture of coarse-grained powders. It can be assumed
that the mixture of the synthesized intermediate phases possessed a refined structure
compared to that of the initial reaction mixture.

Wang et al. [91] reported the formation of submicron-grained TiN–Al2O3 from
AlN, TiO2, and Ti powders, all three having particles from several to several tens of
microns. Mixing of the powders was performed by milling in ethanol and grain
refinement was not favored. The fine-grained structure of the composite could have

Fig. 10.28 Si3N4–SiC–TiC0.3N0.7 nanocomposite: (a) fracture surface, scanning electron micros-
copy (SEM); (b) microstructure of dark areas in (a) corresponding to Si3N4–SiC, TEM; (c) region
1 in (a), TEM; (d) region 2 in (a) corresponding to the TiC0.3N0.7 phase, SEM. (Reprinted from
Duan et al. [87]. Copyright (2004) with permission from Elsevier)
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been the result of solid-state interactions of complex mechanisms with three solid
phases AlN, TiO2, and Ti participating. However, the detailed mechanism of the
reactions and the possible nature of the intermediate products have not been eluci-
dated for this system.
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Fig. 10.29 XRD patterns of the Si3N4–SiC ceramic nanocomposite obtained by SPS of a Si–C–N
amorphous precursor (a) and the Si3N4–SiC–TiC0.3N0.7 ceramic nanocomposite obtained by
reactive SPS of a mixture of nanocrystalline TiO2 with the amorphous Si–C–N (b). (Reprinted
from Duan et al. [87]. Copyright (2004) with permission from Elsevier)

Fig. 10.30 Fracture surface of Ti3SiC2–SiC nanocomposite sintered by SPS at 1280 �C and
showing grains of SiC about 100 nm in size (a) lower magnification and (b) higher magnification.
(Reprinted from Zhang et al. [89]. Copyright (2006) with permission from Elsevier)
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10.14 Decomposition Reactions During SPS

The majority of studies on reactive SPS use chemical reactions between pre-mixed
powders to synthesize ceramic phases. At the same time, very little research has been
done on decomposition reactions during SPS. Decomposition of a compound is
another possible pathway to nanocrystalline materials. Thermal decomposition of
intercalated layered hydroxides [92] and salts [93] resulting in the formation of metal
nanoparticles may encourage further investigations of reactions of these types under
pulsed electric current. A decomposition reaction can be used as a step in the
complex solid-state synthesis. This approach helps overcome the storage and han-
dling problems of highly reactive powders. Nanosized tungsten formed as a result of
decomposition of W2N served as a reactant in the synthesis of nanograined tungsten
carbide WC [94]. When highly reactive metals, such as zirconium, are needed for the
synthesis, fine powders available commercially may contain oxide phases. In order
to work with metallic reactants of better quality and higher reactivity, metal hydrides
can be taken as raw materials forming pure metals upon decomposition during
heating in the SPS [95]. The in situ silicon formed upon decomposition of Si3N4

was used as a reactant to form SiC-bonded carbon composites [96]. The evolution of
gaseous products upon decomposition of solid compounds can be used to advantage
when pore-forming agents are required. Thus, decomposition of TiH2 was used to
form pores in spark plasma sintered NiTi [97]. In a distinct work of Schmidt et al. [60],
decomposition of magnesium hydride MgH2 has been studied with a goal of deter-
mining the effect of electrical current on the onset temperature of decomposition,
which was found to decrease when electric current was passing through the powder.
However, no microstructural investigation was presented in that publication.

Partial decomposition upon sintering can have a deleterious effect on the prop-
erties of some materials and, therefore, should be brought to minimum by choosing
the optimal time–temperature sintering schedule. Decomposition of hydroxyapatite,
a promising biocompatible material for medical applications, is highly undesirable,
as the product of decomposition – α-tricalcium phosphate – is soluble in body
liquids. Miao et al. [98] reported successful SPS of hydroxyapatite–yttria-stabilized
zirconia composites accompanied by only slight decomposition of hydroxyapatite.

10.15 Evolution of C–C Bonds Under Electric Current

The catalyst-free graphitization of amorphous carbon can be conducted by applying
electric current to the sample. Honda et al. [99] reported graphitization of amorphous
carbon under electric discharge and pressure applied simultaneously to the
powder specimen. In that work, both current and temperature effects could be
responsible for the graphitization phenomenon. Asaka et al. [100] reported the
catalyst-free graphitization of amorphous carbon on the surface of carbon nanotubes,
which experienced Joule heating by electric current with a current density of the order
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of 108 A cm�2. Despite high local current densities at the inter-particle contacts during
the early stages of the SPS process, the conditions of the SPS alone are not sufficient to
induce graphitization of amorphous carbon, as can be concluded from a study by
Toyofuku et al. [101], who sintered amorphous carbon in the SPS. It was found that
the sample remains amorphous even after sintering at 2200 �C and is poorly densified.

High currents passing through carbon nanotubes can break C–C bonds, as was
reported by Kim et al. [102]. Placed in a die of a standard SPS facility and heated up
to 2000 �C, single-walled carbon nanotubes experienced high currents, which
caused their unzipping and transformation into graphene stacks consisting of two
to three layers. Similarly, Sribalaji et al. [103] observed unzipping of nanotubes
during SPS of TiC–WC–carbon nanotube composites leading to the in situ formation
of graphene nanoribbons and increased levels of toughening in the composites.

Huang et al. [104] suggested that in alumina–carbon nanotube composites
subjected to standard SPS conditions at 1300 �C, the nanotubes experienced high
current densities, and the local temperature near the nanotubes was much higher than
the temperature inside the alumina grains. Softened and thermally activated, the
nanotubes become reactive and either burn out or react with alumina. Raman
spectroscopy was used to gain evidence of the destruction of the nanotube hexagonal
units after SPS of alumina-nanotube composites. Some alumina grains showed
“footprints” left by the nanotubes, which indicated the diffusion of carbon into
alumina. The nanotubes acted as grain growth inhibitors, so their destruction led to
significant grain coarsening of alumina. When hexagonal boron nitride BN layers
were introduced between the sample and the graphite punches, the nanotubes in the
composites sintered in the same SPS regime were preserved. The hexagonal boron
nitride has a high electrical resistivity but is thermally conductive, so the heat flux
from the punches to the sample was not obstructed.

The transformation of carbon nanotubes into submicrometer- and micrometer-
sized diamonds during SPS at 1500 �C and 80 MPa was reported by Zhang et al.
[105], who suggested that the effects of high temperatures and sparking were similar
to those of the electron or ion beams or high pressures in terms of the influence on the
carbon nanotubes. The formation of diamonds from carbon nanotubes during SPS
proceeded through the intermediate products – carbon onion structures. It was found
that fullerenes also transformed into diamond under the SPS conditions, while
graphite remained stable [106].

10.16 Interaction of the Materials Sintered Using Graphite
Foil and Graphite Tooling with Carbon

The influence of carbon of the graphite tooling and graphite foil on the elemental and
phase composition of the sintered materials is an important issue in the SPS
processing. When only a thin subsurface layer of the sintered compact is affected
by carbon, this layer can be removed by polishing. However, in many cases, carbon
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contamination and partial reduction of oxides caused by the presence of carbon
occur within volumes comparable to the total volume of the sintered part and
deteriorate the properties of the sintered materials. Until now, a number of papers
have been published that tackle this problem and look into possible mechanisms of
carbon accumulation in the sintered specimens (solid-state diffusion and
evaporation–condensation at high temperatures). As will be discussed below, during
SPS, carbon can accumulate at grain boundaries of the sintered material not forming
a separate phase or participate in the formation of new phases in the subsurface
regions of the compact, and, under certain conditions, throughout the compact
volume. Carbon uptake by the sintered specimens becomes more significant at
high sintering temperatures.

Zapata-Solvas et al. [107] observed carbon enrichment of grain boundaries of
zirconium diboride ZrB2 sintered in the presence of graphite foil. The formation of
carbon-containing phases caused by diffusion of carbon from graphite foil was
reported by Solodkyi et al. [108], who observed the presence of boron carbide
B4C in the compact sintered from boron suboxide B6O. The B4C phase was not
found in the compact when tantalum foil was used to prevent carbon diffusion into
the B6O compact. When a molybdenum powder was sintered in contact with
graphite foil, β-Mo2C formed on the surface of the specimen [109]. The growth of
the molybdenum carbide layer followed the parabolic law, and the determined
activation energy was close to that of the activation energy of carbon diffusion in
molybdenum. The carbide layer was found on the samples sintered at temperatures
higher than 1550 �C. At lower temperatures, the layer either did not form or was so
thin that detached easily from the specimen’s surface together with the graphite foil.

Surface carburization of carbide-forming metals during SPS can be used to
advantage to produce surface-strengthened parts. An example of such a treatment
was demonstrated by Hayashi et al. [110], who used SPS to form a TiC coating on
titanium substrates. For that, a graphite powder was placed into the die cavity, and a
titanium substrate was embedded into the powder. The surface carburization was
carried out at a pressure of 10.5 MPa at 770–970 �C. After holding the assembly at
970 �C for 30 min, a continuous TiC coating 7 μm thick was formed on the surface of
the titanium substrate. Similar to the growth of Mo2C, the growth of the TiC layer
was described by the parabolic law. The use of a graphite powder as a reactant in
such coating deposition processes helps protect the punches from being damaged
due to reaction with the substrate.

Grasso et al. [111] showed that an increase in the temperature during the SPS of a
WC-based nanopowder conducted in contact with graphite foil in the 1200–1400 �C
range leads to an increase in the concentration of carbon in the sintered material. The
authors attributed this effect to diffusion of carbon from the graphite foil into the
specimen. As the losses of carbon from the nanopowder were due to its undesirable
oxidation prior to sintering, the restoration of the carbon content during sintering had
a positive effect on the material properties.

Experiments conducted by Lee et al. [112] showed that carbon uptake during SPS
of a tungsten powder in contact with graphite foil results in the formation of a carbide
phase in the surface layers of the sintered compacts. A tungsten carbide W2C0.85-
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containing external shell was generated on the specimen’s surface. In order to
prevent the interaction of the sintered material with carbon, boron nitride coatings
are usually applied on the internal surface of the die, punches, and the surface of the
graphite foil. A cross-sectional view of the compact sintered without a BN coating
on the graphite foil is shown in Fig. 10.31a. The material in zone A corresponds to
the carbon-affected layer and contains 2.2 wt.% of C, while zone B is free from
carbon. In the case of SPS of tungsten, a boron nitride coating on the graphite foil did
not block the carbon uptake completely but slowed down the inward diffusion of
carbon. The carbide-containing layer was also detectable on the fracture surface of
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Fig. 10.31 (a) Cross section of the tungsten compact sintered in contact with graphite foil showing
a carbide layer (no boron nitride coating was applied to the foil), (b) fracture surface of the tungsten
compact sintered in contact with graphite foil showing a carbide layer (a boron nitride coating was
applied to the foil), and (c) XRD patterns of the tungsten compacts sintered with different holding
times (0–60 min); the amount of W2C0.85 on the specimen’s surface increases with the holding time.
(Reprinted from Lee et al. [112]. Copyright (2016) with permission from Elsevier)
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the compacts. Figure 10.31b shows such a layer formed in the experiment, in which a
BN coating was sprayed over the surface of the graphite foil. The concentration of
the W2C0.85 phase increased with the holding time (Fig. 10.31c). Assuming a
parabolic growth of the carbide layer, the diffusion coefficient of carbon in tungsten
was calculated, and the obtained value was close to that reported in the literature.

Mackie et al. [113] studied the distribution of carbon in the surface layers of Sm
(Co, Fe, Cu, Zr)z sintered by SPS using graphite tooling and graphite foil. The
sintered Sm(Co, Fe, Cu, Zr)z material contained Sm-rich regions. These regions
coincided with C-rich regions (Fig. 10.32), which allowed the authors to suggest a
possibility of the formation of the carbide phase Sm3C.

Due to carbon inward diffusion and the formation of chromium carbides, Boulnat
et al. [114] observed strengthening of the surface layers of oxide dispersion-
strengthened ferritic steel samples sintered by SPS. Increased carbon concentrations
and increased hardness were observed within thicknesses of about 200 μm from the
sample’s edge in the samples sintered at 1150 �C (Fig. 10.33).

The thickness of the carbon-affected layer on the surface of the compact obtained
by SPS of a glassy Fe-based powder of the Fe75Si20B5 (at.%) composition at 900 �C
was only 2–3 μm (Fig. 10.34) [115]. The first phase to form upon heating of the
glassy powder was α-Fe(Si). This phase formed at 490 �C, and then the crystalliza-
tion continued by the formation of the Fe2B and Fe3Si phases. A small thickness of
the carbon-affected layer may be related to low solubility of carbon in the boride and
silicide phases.

The W2C phase was observed by Rodriguez-Suarez et al. [116] in both the
surface layers and the interior of the compacts spark plasma sintered from tungsten

Fig. 10.32 Back-scattered electron image (a) and carbon map (b) of the boundary between the
mounting material (Field’s metal (FM) – Bi–In–Sn) and the SPS-processed Sm(Co, Fe, Cu, Zr)z
material. I, II, and III circles mark Sm-rich regions, which coincide with C-rich regions. (Reprinted
from Mackie et al. [113], this article is available under the terms of the Creative Commons
Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/)
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nanoparticle-coated Al2O3 powders using graphite tooling. Carbon had diffused
deep into the volume of the specimen. It was found that the carbide formation
depended on the pretreatment procedures applied to the initial powder (calcination,
milling), as the structure of the Al2O3 agglomerates influenced the accessibility of

Fig. 10.33 Microhardness and carbon concentration profiles starting from the edge of the sample
of the oxide dispersion-strengthened steel spark plasma sintered at 1150 �C for 20 min. (Reprinted
from Boulnat et al. [114]. Copyright (2014), The Institute of Materials, Minerals and Mining, by
permission of Taylor & Francis Ltd., www.tandfonline.com on behalf of The Institute of Materials,
Minerals and Mining)

Fig. 10.34 Cross-sectional view of the compact consolidated by SPS of the glassy Fe75Si20B5

powder obtained by mechanical alloying and the corresponding elemental maps. The SPS temper-
ature was 900 �C; the holding time was 1 min. (Reprinted from Neamţu et al. [115]. Copyright
(2014) with permission from Elsevier)
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tungsten to carbon diffusing into the sample during sintering (Fig. 10.35). The
authors assumed that the in situ formed W2C phase influenced the sintering behavior
of the composite powders by hindering grain-boundary sliding.

In Refs. [117, 118], the reactivity of Ni-15 at.%W powders prepared by mechan-
ical alloying or simple mixing toward carbon of graphite foil during SPS has been
addressed. In the Ni-15 at.%W mixtures, tungsten as a dispersed phase or a solute in
a Ni-based matrix acted as a “tracer” of carbon diffusion into the sample observed
through the formation of binary or ternary carbides. The mixture of Ni and W
powders was quite uniform (Fig. 10.36a) with smaller particles of tungsten (brighter
particles in the image) distributed between nickel particles (darker particles in the
image). Mechanical milling resulted in alloying between the metals and dissolution
of tungsten in nickel. The mixture transformed into composite agglomerates
(Fig. 10.36b), in which the main phase was a Ni(W) solid solution.

XRD patterns taken from the flat ends and cross sections of the Ni–W compacts
are presented in Fig. 10.37 [118]. Tungsten carbide WC was found at the flat ends of

Fig. 10.35 XRD patterns of the compacts spark plasma sintered from tungsten nanoparticle-coated
Al2O3 powders: (a) the surface of the compact, Al2O3-2.5 vol.%W powder, Al2O3 as-received; (b)
cross section of the compact, Al2O3-2 vol.%W, Al2O3 calcined; (c) cross section of the compact,
Al2O3-4 vol.%W, Al2O3 calcined and milled. (Reprinted from Rodriguez-Suarez et al. [116]. Copy-
right (2009) with permission from Elsevier)
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compacts obtained from both powder mixtures. In the case of the mechanically
alloyed powders, carbon diffusion into the sintered compact resulted in the forma-
tion of Ni2W4C particles in a Ni-based matrix throughout the compact volume. In
contrast to the compact obtained from the mechanically alloyed powders, no carbon-
containing phases were detected in the interior of the compacts produced from the
mixed powders by sintering under the same conditions. No significant differences
were found in the microstructures of the subsurface regions and the interior of the
compact sintered from the mixed powders (Fig. 10.38a, c). The black, gray, and
light-gray areas were assigned to particles of nickel, Ni(W) solid solutions, and
residual tungsten, respectively.

When a Ni(W) solid solution obtained by mechanical alloying decomposed upon
carbon attack through the reaction

Ni Wð Þ þ C ¼ WCþ Ni,

the WC crystals nucleated and grew from the Ni-based matrix; they could be easily
distinguished in the subsurface regions of the specimens sintered from the mechan-
ically alloyed powders (Fig. 10.38b). The subsurface layer of the compact produced
from the mechanically alloyed powders had a distinct boundary with the interior of
the compact (Fig. 10.38d). In the inner part of the compact, submicron particles of
Ni2W4C were distributed in a Ni-based matrix. In order to reveal the details of
distribution of WC particles in the subsurface layers of the compact, the polished
cross section was etched with HCl solution. Submicron WC particles were organized
in chains clearly visible in the microstructure (Fig. 10.39a). The correspondence of
the bright particles in the images to the WC phase was confirmed by the energy-
dispersive spectroscopy (EDS) point analysis (Fig. 10.39b, c). Chains formed by the
submicron particles were a feature structurally “inherited” from the powder state of
the Ni-15 at.%W alloy, as the size of regions encircled by the chains was comparable
to the size of the powder agglomerates in the mechanically milled mixture. Paths for

Fig. 10.36 Morphology of Ni-15 at.%W powders: (a) mixed and (b) mechanically alloyed in a
high-energy planetary ball mill. (Reprinted from Dudina et al. [118]. Copyright (2016) with
permission from Elsevier)
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Fig. 10.37 XRD patterns of the Ni-15 at.%W powders and compacts spark plasma sintered at
900 �C: (a) flat ends of the compacts sintered from the mixed powders after partial removal of the
graphite foil and (b) mixed and mechanically alloyed powders and cross section of the sintered
compacts. (Reprinted from Dudina et al. [118]. Copyright (2016) with permission from Elsevier)
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faster diffusion were offered by boundaries between the initial powder agglomerates.
The uptake of carbon caused by its inward diffusion was facilitated by a much higher
concentration of defects and a greater volume of grain boundaries in the mechani-
cally alloyed powder compared with the mixed powders. The distribution pattern of
the Ni2W4C particles in the compact’s interior (Fig. 10.39d) was similar to that of the
submicron WC particles in the subsurface layers of the compact. The character of
distribution of the carbon-containing compounds –WC and Ni2W4C –was to a great
extent predetermined by the particle size and morphology of the mechanically milled
powder. It is possible that diffusion of carbon occurred faster along the surface of the
powder particles not yet fully consolidated into a bulk material upon heating during
the SPS.

The thickness of the carburized layer x was estimated as

x � Dtð Þ1=2,

Fig. 10.38 Microstructure of the Ni-15 at.%W compacts spark plasma sintered at 900 �C, heating
rate 50 �C min�1, holding time 5 min from mixed (a, c) and mechanically milled (b, d) powders;
(a and b) subsurface layers of the compacts adjacent to the graphite foil during SPS, (c and d)
interior of the compacts. (Reprinted from Dudina et al. [118]. Copyright (2016) with permission
from Elsevier)

362 10 Field Effects on Reacting Systems



where D is the diffusion coefficient and t is the time, and was found to be of the order
of 100 μm at 1000 �C, which agreed well with the observed thickness of the
WC-containing subsurface layer in the sintered sample [117]. However, the presence
of carbon in the sintered material should also be taken into account at greater
distances from the interface with the graphite foil due to much faster (orders of
magnitude) diffusion along the surface of pores and grain boundaries during
sintering. The hardness of the compacts spark plasma sintered from the mechanically
alloyed Ni-15 at.%W powders measured on the cross section in the specimen center
was significantly higher than that of the compacts produced from the mixed powders
(Tables 10.2, 10.3). This difference was due to the presence of submicron Ni2W4C
particles distributed in a Ni-based solid solution-strengthened matrix and a low
porosity of the compact.

No tungsten carbide-containing layer formed when a mechanically milled
Cu-15 at.%W powder mixture was spark plasma sintered under the same conditions
(Fig. 10.40). This difference can be explained by a very low solubility of carbon in
copper. Instead of a carbide-containing layer adjacent to the graphite foil, a uniform
microstructure through the thickness of the sintered compact was observed. It was
concluded that it is not the presence of the carbide-forming element that determines
the character of interaction of the graphite foil with the sintered material but
the solubility of carbon in the component that plays the role of a matrix in the
sintered material. In nickel, carbon has appreciable solubility, which is 1.3 at.% at
1000 �C [119].
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Fig. 10.39 (a) Subsurface (WC-containing) layer of the compact spark plasma sintered from a
Ni-15 at.%W mechanically alloyed powder mixture in contact with graphite foil, EDS taken from
the bright particles (b) and dark background (c) in the image shown in (a), (d) the interior of the
compact. Etching in 10% HCl solution. (Reprinted from Bokhonov et al. [117])
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In Ref. [118], the evidence of carbon uptake from graphite foil by metallic nickel
was obtained. For this purpose, a carbonyl nickel powder was spark plasma sintered
at 1000 �C in the presence of graphite foil. Figure 10.41 shows enlarged views of the
Ni(111) and Ni(220) reflections of the XRD patterns taken from the flat ends of the
compact (the adhered graphite foil was partially removed by mild polishing). The
reflections shift to lower angles relative to their positions in the XRD patterns taken
from the initial nickel powder and cross section of the compact. This shift points to

Table 10.2 Vickers hardness of different areas of the compact spark plasma sintered from a
mechanically alloyed Ni-15 at.%W powder mixture; SPS was conducted in contact with graphite
foil [117]

Area of the cross section
Distance from the interface with the graphite
foil to the measurement point (μm)

Vickers hardness
(HV)

Flat ends of the compact 20–50 470 � 10

50–100 610 � 10

100–150 620 � 10

Cylindrical surface 20–30 510 � 10

30–70 620 � 10

70–120 650 � 10

Interior of the compact 500–1000 620 � 10

Table 10.3 Vickers hardness of the central part of the compacts spark plasma sintered at 900 �C
from mixed Ni-15 at.%W powders; SPS was conducted in contact with graphite foil

Heating rate (�C min�1) Holding time (min) Hardness (HV)

100 5 315 � 10

50 5 340 � 10

50 10 370 � 15

Reprinted from Dudina et al. [118]. Copyright (2016) with permission from Elsevier

Fig. 10.40 Cross-sectional
view of the compact spark
plasma sintered from a
mechanically milled
Cu-15 at.%W powder
mixture; SPS was conducted
in contact with graphite foil
at 900 �C (Reprinted from
Bokhonov et al. [117])
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an increased lattice parameter of nickel, which is caused by dissolution of carbon in
the subsurface layers of the compact as a result of inward diffusion during SPS.

Collet et al. [120] conducted SPS of an oxidized copper powder at different
temperatures and a pressure of 28 MPa and found that the reducing capacity of the
SPS chamber with graphite tooling is not sufficient to fully reduce oxides contained
in the partially oxidized copper powder during consolidation. Figure 10.42 shows
the fracture surface and the polished cross section of the compact spark plasma
sintered from the oxidized copper powder in vacuum. Although the sintered compact
shows the fracture surface typical of a ductile metal, the presence of pores and oxide
inclusions is unambiguously confirmed by an image taken from the polished cross
section. Collet et al. had to resort to conducting SPS in hydrogen to eliminate the
oxide phase from the compact. During SPS in a hydrogen atmosphere, the oxide
concentration in the sintered compact decreased by an order of magnitude.

Microstructural indications of the chemical reduction of oxide films present on
the surface of metals during treatment in a SPS chamber were found in Refs. [121–
124]. Toyofuku et al. [122] sintered tungsten wires to tungsten plates in a SPS
chamber and observed the formation of tungsten deposits on the surface of the initial

Fig. 10.41 (a) Ni(111) and (b) Ni(220) reflections of the XRD patterns of the carbonyl nickel
powder and the compact spark plasma sintered from this powder at 1000 �C in contact with graphite
foil. (Reprinted from Dudina et al. [118]. Copyright (2016) with permission from Elsevier)
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plates as well as supporting SiC rods. The latter were not in direct contact with any of
the tungsten parts. The process of deposition was explained by evaporation of
tungsten oxides present on the initial tungsten wires and plates and their reduction
by carbon monoxide CO present in the SPS chamber resulting in the formation of
particles of metallic tungsten.

Very fine crystallites were observed on the surface of the ligaments of spark
plasma sintered porous copper in the areas of the compact that had been in contact
with graphite foil during consolidation and were assigned to metallic copper formed
by reduction of the surface oxide (Fig. 10.43a) [123]. Comparative annealing
experiments conducted in argon, during which no carbon was introduced into the
furnace environment, did not reveal any precipitates on the copper ligaments
(Fig. 10.43b). In a dense Cu-based compact, oxide reduction during SPS occurred
in a very thin layer adjacent to the graphite foil. When a partially oxidized copper

Fig. 10.42 Fracture surface (a) and polished cross section (b) of the compact spark plasma sintered
from an oxidized copper powder containing 3.5 wt.% of Cu2O. SPS was conducted at 700 �C,
28 MPa, a heating rate of 50 �C min�1, and without the dwell time at the maximum temperature in
contact with graphite foil in vacuum. In (b), the circles indicate pores, the arrows – particles of
Cu2O. (Reprinted from Collet et al. [120]. Copyright (2016) with permission from Elsevier)

Fig. 10.43 The surface of ligaments of porous copper obtained by SPS of an electrolytic copper
powder in contact with graphite foil (12 MPa, 650 �C) in a layer adjacent to the foil (a) and the
surface of ligaments of porous copper obtained by cold-pressing of the powder and annealing in a
flow of argon at 750 �C (b)
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powder of the Cu-50 vol.%Cu2O composition was spark plasma sintered at 40 MPa
and 900 �C, a continuous layer of the metal reduced from the oxide formed on the
surface of the specimen (Fig. 10.44).

Dudina and Bokhonov [124] addressed the issue of cleaning of metallic powders
from oxide films during SPS on the scale of the size of the sintered compact, i.e., in
the material volumes comparable in size to the sintered object. Using SPS experi-
ments with a partially oxidized nickel powder and different configurations of the
SPS assemblies providing the contact of the powder sample with either graphite or
copper foil or excluding any direct contact with graphite (annealing of the powder
placed on the flat end of a graphite punch covered with a layer of hexagonal boron
nitride BN), it was shown that a direct contact with a source of carbon is critical for
elimination of NiO from the sintered material on the sample size scale. The O/Ni
atomic ratio in the initial (non-oxidized) nickel powder was 0.05, and in the oxidized
powder, this ratio was increased to 0.20 (Table 10.4). The non-oxidized carbonyl
nickel powder is gray. After partial oxidation, the powder acquired a black color.
After the partially oxidized nickel powder had been annealed in the SPS chamber at
800 �C using an assembly without the upper punch (Fig. 10.45a), a change in color
was observed: the surface of the powder layer turned gray. In that experiment, a layer
of the powder about 1 mm thick was placed on the flat end of the punch coated with a
boron nitride layer. The O/Ni ratio measured on the gray surface was 0.02, which is
lower than in the initial non-oxidized nickel powder. When the powder bed was
stirred with a glass rod, it was found that the interior of the sample was still black.
The O/Ni measured on the black powder was 0.07 (Table 10.4). The surface
morphology of the particles in the black areas was different from that of the particles
found in the gray areas: the former showed fine grains of the oxide phase covering
the surface (Fig. 10.46a, b), while the latter had smooth surfaces (Fig. 10.46c, d).
This experiment showed that when the powder is heated in the SPS chamber but is

Fig. 10.44 Fracture surface
of the compact spark plasma
sintered from a partially
oxidized copper powder of
the Cu-50 vol.%Cu2O
composition at 900 �C and
40 MPa in contact with
graphite foil. A layer of the
metal reduced from the
oxide is seen adjacent to the
graphite foil
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not in direct contact with graphite, the reduction of the oxides covering the powder
particles is limited to the surface layers of the powder bed. Reduction was obviously
due to the reducing character of the atmosphere of the SPS chamber – the presence of
carbon monoxide CO forming upon heating of graphite tooling and spacers in
forevacuum.

The O/Ni ratio in a 2-mm-thick compact sintered from the partially oxidized
nickel powder at 800 �C for 3 min in contact with graphite foil over the surface was
0.02, which is lower than in the initial non-oxidized carbonyl nickel powder
(Table 10.4). Comparative experiments were conducted with graphite and copper
foils using a configuration shown in Fig. 10.45b. The fracture surface of the compact
sintered in contact with graphite foil was gray, while that of the compact sintered
under the same conditions but in contact with copper foil at the flat ends was black
except for the rim areas that were in contact with the graphite foil lining the wall of
the die (Fig. 10.47). The following chemical reactions take place as carbon diffuses
into the compact:

NiOþ C ¼Niþ CO gasð Þ;
2NiOþ C ¼ 2Niþ CO2 gasð Þ:

Table 10.4 O/Ni atomic ratio in the powders and sintered compacts determined by energy-
dispersive spectroscopy

Powder/compact O/Ni Area analyzed by EDS

Carbonyl nickel powder 0.05 Surface of a single particle

Partially oxidized carbonyl nickel powder 0.20 Surface of a single particle

Partially oxidized carbonyl nickel powder annealed in the
SPS chamber at 800 �C using an assembly without the
upper punch (the powder was placed on the flat end of the
lower punch coated with a BN layer)

• Gray “undisturbed” surface of the powder bed 0.02 Surface of a single particle

• Inner part of the powder bed (black) 0.07 Surface of a single particle

Compact sintered by SPS from the partially oxidized
carbonyl nickel powder (sintering in contact with graphite
foil over the surface of the compact, 10 MPa, 800 �C)

0.02 30 μm � 40 μm (fracture
surface of the compact)

Compact sintered by SPS from the partially oxidized
carbonyl nickel powder (sintering in contact with circles
of copper foil at the flat ends and graphite foil over the
cylindrical surface, 10 MPa, 800 �C)
• Center of the cross section of the compact 0.15 30 μm � 40 μm (fracture

surface of the compact)

• Rim areas (near the cylindrical surface of the sintered
disk)

0.04 30 μm � 40 μm (fracture
surface of the compact)

Reprinted from Dudina and Bokhonov [124]. Copyright (2016) with permission from Elsevier
The spectra were recorded from powder layers or fracture surfaces of the compacts
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Calculations showed that the amount of carbon contained in the circles of
graphite foil 250 μm thick placed between the flat end of the punch and the sample
at both sides of the sample is approximately twice the amount that is needed to fully
reduce NiO contained in the partially oxidized nickel powder having O/Ni(at.)¼ 0.2
for a 2-mm-thick sample. In the compact sintered in contact with graphite foil, inter-
particle necking was more pronounced (Fig. 10.48a, b) than in the compact sintered
in contact with copper foil at the flat ends (Fig. 10.48c, d). In the former, the fracture
surface of the necks showed dimples characteristic of ductile fracture. These micro-
structural features were also found in the rim areas of the compact sintered in contact

Fig. 10.45 Sintering and
annealing of the partially
oxidized nickel powder
using a SPS assembly: (a)
annealing on the flat end of
the punch and (b) sintering
under pressure in contact
with copper foil at the flat
ends of the compact and
graphite foil along the
cylindrical surface.
(Reprinted from Dudina and
Bokhonov [124]. Copyright
(2016) with permission from
Elsevier)
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Fig. 10.46 (a) The surface of the powder particles located in the interior of the powder bed that was
placed on the flat end of the lower punch coated with a boron nitride layer; (b) corresponding EDS
spectrum from the particle surface; (c) the surface of the powder particles located in the upper layer
of the powder bed; (d) corresponding EDS spectrum from the particle surface. (Reprinted from
Dudina and Bokhonov [124]. Copyright (2016) with permission from Elsevier)

Fig. 10.47 Fractured compact spark plasma sintered from the partially oxidized carbonyl nickel
powder, sintering in contact with circles of copper foil at the flat ends and graphite foil over the
cylindrical surface of the compact, sintering at 10 MPa and 800 �C. (Reprinted from Dudina and
Bokhonov [124]. Copyright (2016) with permission from Elsevier)
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with copper foil (Fig. 10.48e, f), as those were in contact with graphite foil lining the
wall of the die.

When metal powders contain oxide surface films and the purpose of consolida-
tion is obtaining oxygen-free metallic material, the reduction of the oxide films by

Fig. 10.48 (a) Fracture surface of the compact sintered from the partially oxidized nickel powder in
contact with graphite foil fully covering the surface of the compact, (b) corresponding EDS
spectrum; (c) fracture surface of the compact shown in Fig. 10.47, center of the compact, (d)
corresponding EDS spectrum; (e) fracture surface of the compact shown in Fig. 10.47, rim area, (f)
corresponding EDS spectrum. The EDS spectra were taken from the areas shown in the images.
(Reprinted from Dudina and Bokhonov [124]. Copyright (2016) with permission from Elsevier)
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carbon diffusing into the sample during sintering is an advantage. The results
obtained in Ref. [124] show that when using graphite foil during SPS, it is possible
to start from an oxidized powder of a metal, in which carbon has appreciable
solubility, and produce oxide-free metallic compacts provided the sintering temper-
ature and time are sufficient for the carbon to diffuse into the sample at a desired
depth and the amount of carbon as a reactant is enough to reduce the oxides
contained in the powder. These results have important implications for the powder
metallurgy industry: one can ease the handling requirements or synthesis/processing
conditions of the powders and lower the associated costs. In a single SPS operation, a
partially oxidized powder can be reduced and consolidated into a compact.

The influence of carbon on oxide materials during SPS is detrimental, as the
interaction of oxides with carbon leads to deterioration of optical transparency
[125, 126]. Bertrand et al. [125] spark plasma sintered an amorphous powder of
the 85TeO2–15WO2 composition with and without carbon diffusion barriers and
with and without a pressureless sintering operation prior to SPS. Even with the
carbon diffusion barriers, black spots were found in the glassy matrix (Fig. 10.49a),
which were proven to correspond to carbon. The formation of carbon was explained
by the following reaction:

2CO gð Þ ¼ CO2 gð Þ þ C sð Þ
taking place inside the pores during densification of the compact. It was found that
pressureless sintering prior to SPS can reduce carbon contamination during the SPS
step. The Raman spectrum of the sample obtained without the pressureless sintering
step showed characteristic peaks of carbon – D-band and G-band – while these were
absent in the spectrum of the sample pre-sintered before the SPS (Fig. 10.49b).
Experiments with fine and coarse particles showed that carbon contamination was
greater in the compacts sintered from the former.

Graphite particles were observed by Bernard-Granger et al. [126] in the volume
of the MgAl2O4 compacts formed by slip casting and further processed by SPS.
Pre-compaction of the samples excluded incorporation of carbon pieces into the
sample during the procedure of placing the specimen into the graphite die. However,
graphite particles were found in the compact’s interior, based on which the authors
concluded that the source of carbon was carbon monoxide contained in the SPS
chamber.

Morita et al. [127] found that the carbon contamination of MgAl2O4 processed by
SPS is independent of temperature. This allowed suggesting evaporation of carbon
from the graphite foil or the graphite die during the heating process rather than the
solid-state diffusion of carbon as the mechanism of carbon incorporation into the
specimens. The evaporated carbon was encapsulated in the closed pores during
sintering. Evaporation was enhanced by rapid heating during SPS. Morita et al.
[128] found that in the MgAl2O4 specimen produced by SPS at a high heating rate
(100 �C min�1), the carbon contamination originating from the graphite foil and
graphite die was present throughout the specimen volume, while in the specimen
produced at a low heating rate (10 �C min�1), carbon contamination of this origin
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was present only on the surface of the compact. They also emphasized that post-
sintering annealing of oxide ceramics after SPS may not fully eliminate the carbon
contamination, if carbon just oxidizes and stays in the form of CO and CO2 in the
closed pores. Therefore, it is vital to reduce the carbon contamination during the SPS
process itself.

Fig. 10.49 SEM image and EDS analysis of a carbon particle embedded in the glassy 85TeO2–

15WO2 matrix (a) and Raman spectra of the 85TeO2–15WO2 compacts spark plasma sintered with
and without a pressureless sintering step before SPS (b). (Reprinted from Bertrand et al.
[125]. Copyright (2013) with permission of John Wiley & Sons)
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Partial reduction of oxides in the SPS environment can lead to the formation of
oxygen vacancies. Jiang and Mukherjee sintered sol–gel produced Y2O3–MgO
nanocomposite powders and obtained a nanograined compact [129]. Due to oxygen
losses, the crystalline lattices of both phases experienced contraction, as indicated by
decreased lattice parameters determined from the shift of the positions of the
corresponding peaks on the XRD patterns (Fig. 10.50). Low infrared transmission
of the sintered Y2O3–MgO nanocomposite was greatly improved when the oxygen
content was restored by annealing the compact in air after the SPS (Fig. 10.51).

The reducing environment of the SPS is favorable for conducting reduction
reactions to form new phases and nanocomposite structures and tailor the phase
composition and microstructure of the surface of the sintered specimens. Isobe et al.
[130] showed that nickel nanoparticle-toughened alumina (Fig. 10.52) can be in situ
formed from co-precipitated Al2O3 and NiO oxides by reduction of NiO during SPS.
The XRD patterns of the composites presented in Fig. 10.53 confirm the presence of
metallic nickel that was reduced from its oxide. An increase in the fracture toughness
of the composites was observed with increasing Ni content (Fig. 10.54).

Magnetic FePt/Fe3Pt nanocomposites were produced by SPS of solution synthe-
sized FePt and Fe3O4 nanoparticles [131]. The Fe3Pt phase formed as a result of the
in situ reduction of Fe3O4 during SPS. With increasing SPS temperature, the oxygen
content in the composites decreased. Consequently, the reducing action of the SPS
environment can be enhanced by increasing the SPS temperature.

Another example of an advantageous in situ reduction of oxides occurring
simultaneously with densification during SPS was demonstrated in Ref. [132]: the
in situ reduction was used as a basis for developing graphene–ceramic composites
using graphene oxide as a starting material.

Lia et al. [133] proposed an approach to solving the problem of carbon losses
(decarburization) in thermally sprayed WC–Co coatings using the potential of SPS
as a process of thermal treatment in the presence of carbon and carbon monoxide.
When the WC–Co coatings suffer from carbon losses, their abrasive wear resistance
decreases. Post-spray SPS treatment was conducted on plasma-sprayed WC–Co
coatings and resulted in the restoration of tungsten carbide WC through the reaction
of W2C or W with carbon. After 6 min of SPS treatment at 800 �C, WC was the
dominant phase in the coatings. The restoration of carbon in the SPS-treated coatings
resulted in a 40% increase in the microhardness relative to the as-sprayed coatings.
Under the selected conditions, carbon restoration was limited to a thickness of less
than 10 μm.

The surface of the spark plasma sintered specimen may differ in composition
from that of the core if the material is sensitive to the reducing environment of the
SPS chamber. The development of the zoned structure is due to the easy removal of
gaseous reaction products from the surface layer of the sintered specimen and a
direct contact of the sintered material with the graphite die. During SPS of the
α-Al1.86Fe0.14O3 solid solution of corundum structure, in the surface layer of the
specimen, the FeAl2O4 spinel formed along with small amounts of Fe according to
the following reactions [134]:
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Fig. 10.50 XRD peaks of the oxide phases contained in the Y2O3–MgO nanocomposites: synthe-
sized powder, compact sintered by the SPS and compact annealed in air after the SPS. Note the shift
of peak positions of both oxides. Y2O3 peak (a), MgO peak (b) (Reprinted from Jiang and
Mukherjee [129]. Copyright (2011) with permission from Elsevier)
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Fig. 10.51 Transmission spectrum of spark plasma sintered Y2O3–MgO nanocomposite (1) and
after annealing in air (2). (Reprinted from Jiang and Mukherjee [129]. Copyright (2011) with
permission from Elsevier)

Fig. 10.52 Microstructure
of the Al2O3–Ni composite
produced by SPS of Al2O3–

NiO powders
(Ni nanoparticles formed in
situ as a result of reduction
of NiO during SPS).
(Reprinted from Isobe et al.
[130]. Copyright (2006)
with permission from
Elsevier)
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Fig. 10.53 XRD patterns of Al2O3–Ni composites produced by SPS of Al2O3–NiO powders,
1350 �C, 6 min (Ni nanoparticles formed in situ as a result of reduction of NiO during SPS).
(Reprinted from Isobe et al. [130]. Copyright (2006) with permission from Elsevier)

Fig. 10.54 Fracture toughness of Al2O3–Ni composites (Ni nanoparticles formed in situ as a result
of reduction of NiO during SPS). (Reprinted from Isobe et al. [130]. Copyright (2006) with
permission from Elsevier)



Al2�2xFe2xO3 ! 2xFeAl2O4 þ 1� 3xð ÞAl2O3 þ x=2O2

and

FeAl2O4 ! Feþ Al2O3 þ 1=2O2:

In the intermediate zone of the specimen, the spinel content was lower than in the
surface layer. In the core of the specimen, the spinel phase was not detected by the
XRD (Fig. 10.55). The surface layer having a nanocomposite structure was sepa-
rated from the rest of the specimen by a sharp boundary. It was suggested that this
structure is a result of electric current more easily passing along the surface of the
specimen. By partial reduction of the α-Al1.86Fe0.14O3 solid solution prior to SPS,
the reduction yields could be increased. By forming a nanocomposite with signifi-
cant concentrations of Fe and FeAl2O4 during the SPS, it was possible to obtain a
material with high hardness and fracture strength. Further studies of SPS of the solid
solutions of this type revealed that a Fe-depleted layer can form between the core of
the sample and its surface layer due to electric current-induced diffusion of Fe3+

toward the upper punch, which is cathode in a SPS setup [135].
Alternative materials for the SPS dies are being sought. One of the possible

solutions is conducting SPS in SiC dies, as was suggested in Refs. [136, 137]. The
experiments proved to be successful provided additional heating is imposed on a SiC

Fig. 10.55 XRD patterns taken from different part of the specimen obtained by SPS of
Al1.86Fe0.14O3 powder: α, corundum structure; sp, spinel. (Reprinted from Gurt Santanach et al.
[134]. Copyright (2008) with permission from Elsevier)
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die (from external heaters) in the beginning of a pulsed current sintering process to
increase the electrical conductivity of SiC. As far as substitutes for graphite foil are
concerned, none of the so far attempted materials has proven satisfactory for the
needs of SPS. The protective foil should be electrically conductive not to cause
disruption of electric current. At the same time, it should be easy removable from the
surface of the compact after the sintering operation is complete. Metallic foils tend to
adhere to the sintered compacts. In Refs. [138, 139], tantalum and copper foils were
used during the SPS processing of metallic materials and metal-containing compos-
ites. Severe sticking of tantalum foil to Ni–diamond compacts [138] and copper foil
to iron compacts [139] was observed. In contact with Ni–diamond composites,
tantalum foil reacted with carbon to form TaC. With increasing sintering tempera-
ture, the contacts developed between the copper foil and the iron particles grew in
size (Fig. 10.56). Copper remained on the surface of iron particles in the form of
islands after the foil had been removed from the compact by tearing (Fig. 10.57),
which indicated alloying at the Fe/Cu interface.

10.17 Selected Examples of Materials with Improved
Properties Achieved by Reactive SPS. Syntheses
in Non-conventional Assemblies and from Reactants
of Unusual Morphology

When nanocomposites are synthesized, the in situ route is often claimed to be a
better choice to obtain a fine-grained product. However, only a few reports are
available on the direct comparison of the sintered materials of the same composition
produced by in situ and ex situ processes. Such a comparison has been made by
Wang et al. [91] for spark plasma sintered TiN–Al2O3 composites. Submicron-

Fig. 10.56 Flat end of a porous iron compact spark plasma sintered in contact with copper foil
(pressureless SPS) after the foil has been torn off: (a) 600 �C and (b) 800 �C
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Fig. 10.57 (a) The surface of an iron particle of the porous compact spark plasma sintered in
contact with copper foil at 800 �C (pressureless SPS) and (b) the elemental analysis of the points
marked 1 and 2. Pieces of copper on the iron particles indicate adherence of the foil to the compact
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grained TiN–Al2O3 were synthesized from AlN, TiO2, and Ti reactants, all three
having particles from several micrometers to several tens of micrometers; in parallel,
composites of the same composition were fabricated by sintering of TiN and Al2O3

submicron powders. The spark plasma sintered composites had similar microstruc-
tures. In terms of bending strength, the in situ-produced composite was superior, but
the ex situ composite was harder and tougher.

In metal matrix composites, it is advantageous to have the same metal playing the
roles of a matrix and a reactant to form a ceramic reinforcement; otherwise there
remains a concern to establish a direct contact between the reactants distributed in a
matrix. Examples of the synthesis of reinforcements using the matrix metal are the
synthesis of titanium monoboride TiB in a titanium matrix [140, 141], cementite
Fe3C dispersoids in an iron matrix [142], and Ti5Si3 nanoparticles in a titanium
matrix [80]. Rapid sintering by SPS allowed keeping fine Ti5Si3 dispersoids distrib-
uted in the titanium matrix [80]. The distribution uniformity of silicon was key to the
formation of fine particles of Ti5Si3 in the sintered composites (Fig. 10.58). These
particles stabilized the ultrafine-grained structure of the titanium matrix, as smaller
grains were found in composites with higher silicon content (Fig. 10.59). Under
optimized conditions of SPS, the reinforcement particles were in the range of
100–200 nm, while the Ti matrix grains remained in the submicron range of
200–400 nm. This unique microstructure of the composite is responsible for attrac-
tive mechanical properties of the composite comparable in terms of strength and
even better in terms of wear resistance to the widely known Ti-6Al-4V alloy.

In a number of studies, attractive properties of single-phase ceramics and ceramic
nanocomposites synthesized by reactive SPS were reported. TiB monolithic nearly
fully dense compacts with needle-shape grains showed a fracture toughness of
5.9 � 0.4 MPa∙m1/2 [143]. Ceramic nanocomposites and composites with

Fig. 10.58 (a) Transmission electron microscopy of Ti–Ti5Si3 composites produced by reactive
SPS, (b) distribution of Si from the electron energy loss spectra (EELS). (Reprinted from Handtrack
et al. [80]. Copyright (2006) with permission from Elsevier)

10.17 Selected Examples of Materials with Improved Properties Achieved by. . . 381



submicron-sized grains demonstrated excellent combinations of properties: a frac-
ture toughness of 6.5 MPa∙m1/2 and a microhardness of 20.6 GPa in TiN–TiB2 [144],
a flexural strength of 865 MPa and a hardness of 39.3 GPa in B4C–TiB2 [145], a
fracture toughness of 6.7 MPa∙m1/2, and metallike electrical conductivity in Si3N4/
SiC/TiC0.3N0.7 [87, 88]. Nano-organized MoSi2 synthesized and consolidated in the
SPS exhibited better oxidation resistance than its microcrystalline analogue and a
fracture toughness of 5.8 � 0.4 MPa∙m1/2 [146].

Due to the potential of low-temperature fast sintering, SPS has become a method
of choice for dealing with materials sensitive to temperature. Campayo et al. [147]
and Le Gallet et al. [148] suggested SPS processing for iodine-containing apatite.
A high chemical stability of iodine-containing apatite can be used for immobilizing
radioactive iodine. Lead phosphovanadate is a reactant for the synthesis of iodo-
apatite. The synthesis and consolidation of iodine-containing compounds should be
performed at temperatures low enough to avoid volatilization of iodine. Le Gallet
et al. [148] examined the applicability of SPS for both sintering of iodine-containing
apatite powders and in situ synthesis of apatite from a mixture of lead iodide and lead
phosphovanadate and concluded on the advantages of the reactive process in terms
of a more uniform and finer structure of the densified material. Figure 10.60 shows
the cross-sections of the iodoapatite compacts obtained via nonreactive and reactive
sintering routes. The reactive route was based on the following reaction:

3Pb3 VO4ð Þ2 1�xð Þ PO4ð Þ2x þ PbI2 ! Pb10 VO4ð Þ6 1�xð Þ PO4ð Þ6xI2:

As sintering has to be performed at low temperatures due to decomposition of
Pb10(VO4)6(1–x)(PO4)6xI2 at 500 �C, there is a density gradient along the axis of the
compact with denser regions located closer to the surface and more porous regions in

Fig. 10.59 The dependence of the grain size of the Ti matrix in the Ti–Ti5Si3 nanocomposites on Si
content (0, 1, 2 wt.%) in the initial mixtures, SPS temperature 700 �C, and holding time 6 min.
(Reprinted from Handtrack et al. [80]. Copyright (2006) with permission from Elsevier)
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the core of the compact. Abnormal grain growth was characteristic of the
nonreactive processing, which hindered the formation of a dense, uniform, and
fine-grained structure. The highest density achieved was 92%. Unlike nonreactive
sintering, the reaction performed in situ during the SPS yielded densities higher than
96%, which implied closed porosity needed for the practical applications to reduce
the surface area of the consolidated Pb10(VO4)6(1–x)(PO4)6xI2 in contact with the
environment. The dramatic difference in the consolidation behavior of the two
material systems was explained by participation of liquid phases formed on the
basis of PbI2 (and probably PbO forming a eutectic with PbI2) in sintering in the case
of the reactive processing. This example shows that although liquid-phase sintering
is usually associated with conventional processing and enhanced grain growth,
conditions can be found, under which the liquid phase facilitates fast densification
but does not lead to undesired grain growth. These conditions can be reached when
the liquid phase is formed by one of the reactants and not by the product.

In the synthesis of compounds, there is always a challenge to use reactants with
large differences in their melting points or vapor pressures. Because of these

Fig. 10.60 Microstructure of the spark plasma sintered Pb10(VO4)6(1–x)(PO4)6xI2 produced by
nonreactive sintering (a, b) and by performing the reaction during the SPS (c, d). Grains formed
via abnormal grain growth are marked by letter “A” in (b). (Reprinted from Le Gallet et al.
[148]. Copyright (2010) with permission from Elsevier)
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differences, the synthesis has to be conducted at low temperatures and, conse-
quently, under conditions of slow diffusion. The synthesis can still be successful if
nonthermal enhancement of the reaction is enabled. Beekman et al. [149] proposed
the SPS technique as a means of dealing with such challenging synthesis situations
and demonstrated the applicability of a SPS apparatus for the synthesis and crystal
growth of intermetallic clathrates, such as Na24Si136. The grown crystals were
200–300 μm in size and did not contain defects typical for the compound produced
by thermal decomposition of Na4Si4. The role of the applied field was in oxidation of
Si4

4� cluster anions at the anode followed by the formation the clathrate framework.
This study pointed to a high potential of SPS facilities for the crystal growth
processes. The crystal growth-oriented area of the SPS research remains significantly
underdeveloped because of the initial emphasis on fast sintering, short total
processing time, and a possibility of keeping small grain sizes as the major advan-
tages of this technique.

A decomposition reaction was used by Chakravarty et al. [150] to produce porous
alumina by the SPS. Decomposition of Al(OH)3 occurred in situ at the early stages of
heating during the SPS cycle and was followed by the phase transformations in
alumina. Figure 10.61 shows that the in situ route gave better combinations of
porosity and strength than the route used by Oh et al. [151], who sintered a
commercially available submicron α-alumina powder without any chemical reac-
tions involved. This comparison should be, however, considered with care, as the
authors of these publications used different mechanical property testing methods.

Fig. 10.61 The dependence of strength of the porous alumina compacts on the porosity according
to Chakravarty et al. [150]; alumina is synthesized in situ during SPS from Al(OH)3 (comparison is
made with the ex situ produced porous α-alumina and Al2O3–SiC composites obtained by Oh et al.
[151]). (Reprinted from Chakravarty et al. [150]. Copyright (2008) with permission from Elsevier)
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The main result of Chakravarty et al. [150] is the porosity levels of 20–30%
combined with high strength of the compacts, which are suitable for practical
applications of porous alumina. High strength of the porous alumina compacts was
explained by extensive necking during sintering accelerated by the exothermic
transformation of θ-Al2O3 to α-Al2O3, and, therefore, it could not have
been achieved without the use of the in situ reactive technique.

Initially designed for solid-state sintering, SPS facilities have been proven to be
suitable for conducting solid-state chemical reactions [54, 55, 152]. SPS has been
developed into a method of solid-state synthesis under applied electric current and
mechanical pressure. Chemists consider SPS as a new tool, full capabilities of which
are yet to be discovered [153, 154]. The successes of reactive SPS in synthesizing
bulk nanostructured materials can be further extended to the simultaneous synthesis
and joining of materials [155] as well as manufacturing of coatings [156, 157]. Join-
ing of materials requires heat input to facilitate mutual diffusion. Joining of materials
differing in the chemical nature becomes even more challenging when the grain size
of the joint and the adjacent areas has to be preserved in the nano- or submicron
range. In order to solve these tasks, fast cooling has to be applied to minimize grain
growth. A joint of two materials can be obtained by sintering a pellet consisting of
two layers. In this case, two porous layers are stacked together and sintered. The key
to the formation of a strong bond between the layers is interdiffusion at the interface
or chemical interaction resulting in the formation of compounds. Two layers to be
joined can be formed by in situ chemical reactions, in which case the synthesis and
joining occur simultaneously [155] (Fig. 10.62). The challenge in such situations is
to perform two reactions simultaneously, for which a temperature and pressure
window should be found for both reactions to be complete.

Reactive synthesis presents opportunities for making gradient microstructures
[65, 66] including those of tubular geometries (Fig. 10.63) [158] by varying the
temperature distribution in the reacting sample. The features of the obtained micro-
structures are gradients in the grain size and porosity (Fig. 10.64). Developed for the
synthesis of boron carbide and boron carbide-based composites produced through

Fig. 10.62 Interface between Ni3Al and TiC/Ni3Al layers produced by the reactive SPS (a) and
corresponding concentration profiles (b). (Reprinted from Liu and Naka [155]. Copyright (2003)
with permission from Elsevier)
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Fig. 10.63 A setup for
producing tube–geometry
B4C specimens by SPS.
(Reprinted from Holland
et al. [158]. Copyright
(2010) with permission of
Elsevier)

Fig. 10.64 Microstructure of different zones of the spark plasma sintered B4C tube of a gradient
structure: (a) general view of the cross section of the tube wall, (b) dense zone adjacent to the central
rod (Fig. 10.63) during the SPS, and (c) porous zone adjacent to the die wall. (Reprinted from
Holland et al. [158]. Copyright (2010) with permission of Elsevier)
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infiltration of the ceramic performs, the approach can be used for different ceramic
and composite materials.

SPS treatment is suitable for the synthesis of products that are not densified;
rather, they present porous and weakly bonded agglomerates [78]. When a low
pressure or no pressure is applied to the mixture of reactants, porous ceramic [159]
and intermetallic materials [160, 161] can also be obtained (in the form of robust
compacts of desired shape). Dudina et al. [161] reported the synthesis of porous iron
aluminide FeAl with high open porosities – 41–51% – by pressureless SPS of the
mixtures of iron and aluminum powders at 800–900 �C. Highly porous compacts
were obtained without any pore-forming agents. Figure 10.65 shows a porous
structure of FeAl synthesized by pressureless SPS at 900 �C. Single-phase FeAl
with an open porosity of 46%was obtained using a heating rate of 70 �C�min�1 and a
holding time of 3 min at 900 �C. When the heating rate was lowered to 30 �C�min�1,
compacts with a higher open porosity (51%) were formed [162]. SPS conducted with
insulating layers of boron nitride BN between the sample and the graphite punches
showed that, even without electric current directly passing through the sample, high
open porosities of FeAl could be achieved. Sintering in a hot press conducted in an
argon atmosphere produced compacts with an open porosity lower than that of
compacts obtained in the SPS facility. It was concluded that treatment of a loosely
packed Fe–Al mixture in the SPS chamber with or without an electric current passing
directly through the sample ensures a fast transformation of the reaction mixture into
a highly porous FeAl product, the passage of electric current through the sample not
being responsible for the preservation of high open porosities.

In recent years, particles of unusual morphology have attracted attention as
interesting objects to be consolidated by SPS [163–165]. Scheele et al. [163] spark
plasma sintered PbTe–PbSe core–shell nanostars preserving their morphology in the
partially densified compacts, which, however, maintained mechanical integrity and
stability. Bokhonov and Dudina [164] reported the results of pressureless SPS of

Fig. 10.65 Porous FeAl
synthesized by pressureless
SPS at 900 �C from a
mixture of iron and
aluminum powders (open
porosity 46%). (Reprinted
from Dudina et al.
[161]. Copyright (2017)
with permission from
Elsevier)
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Fe@Pt core–shell particles obtained by a galvanic replacement reaction (Fig. 10.66)
and Pt(Fe) hollow particles synthesized by dissolving iron from the core–shell
particles in HCl solution (Fig. 10.67). SPS led to the formation of porous compacts
and alloying between Fe and Pt. The porous material produced from the Fe@Pt via
SPS followed by HCl treatment was composed of a FCC Fe-based solid solution,
while the porous material produced via HCl treatment followed SPS was the Pt3Fe
intermetallic (Fig. 10.68). During pressureless SPS, a network formed from the
core–shell (Fig. 10.69a) and hollow particles (Fig. 10.69b). In the porous compact
obtained by sintering of the core–shell Fe@Pt particles followed by HCl treatment
(Fig. 10.69c), the spherical morphology of the elements of the porous structure was
better preserved than in the compact obtained by sintering of the hollow particles.
This study demonstrated that acid treatment and SPS can be used together to tailor
the elemental and phase composition and morphological characteristics of the
sintered materials obtained from core–shell metallic particles.
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Fig. 10.66 SEM image (a) and EDS (b) of the Fe@Pt core–shell particles. (Reprinted from
Bokhonov and Dudina [164]. Copyright (2016) with permission from Elsevier)
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Fig. 10.67 SEM image (a) and EDS (b) of the Pt(Fe) hollow particles obtained by HCl treatment.
(Reprinted from Bokhonov and Dudina [164]. Copyright (2016) with permission from Elsevier)
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A promising application of controlled reactions during SPS is the design of
composite materials with local graded structure within nano- or submicron grains.
Periodic fluctuations of the chemical composition in dielectric materials offer pos-
sibilities to flexibly modify their electrical properties. An interesting microstructure
was formed when core–shell particles were sintered by SPS [165]: by careful

Fig. 10.68 XRD patterns showing the phase changes accompanying the processing of the Fe@Pt
core–shell particles through the “Fe@Pt/HCl treatment/SPS” (a) and “Fe@Pt/SPS/HCl treatment”
(b) routes. The pattern marked “Fe@Pt/HCl treatment” corresponds to the hollow Pt(Fe) particles.
(Reprinted from Bokhonov and Dudina [164]. Copyright (2016) with permission from Elsevier)
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adjustment of the sintering parameters, it was possible to limit the interdiffusion
between the surface layer (a shell of SrTiO3 or BaZrO3) and the particle core
(BaTiO3) and tune the dielectric properties of the core–shell material, which were
different from those of the single-phase solid solution and parent perovskite phases.

10.18 Summary

Reactive sintering is a process of sintering that is accompanied by chemical reactions
between the powder components, the reaction products forming the major phases of
the sintered material. During reactive sintering, the energy is supplied from an
external source and is used to initiate the chemical reaction and to complete sintering
of the particles of the synthesized products. In the case of micrometer-sized powder
reactants, the energy released during a chemical reaction is much greater than the
energy associated with a reduction in the surface area during sintering. Therefore, the
energy release due to chemical transformations should be considered as the main

Fig. 10.69 Fracture surface of the compacts obtained by (a) SPS of the Fe@Pt core–shell particles
(“Fe@Pt/SPS”), (b) SPS of the Pt(Fe) hollow particles (“Fe@Pt/HCl treatment/SPS”), and (c) SPS
of the Fe@Pt core–shell particles followed by treatment in HCl (“Fe@Pt/SPS/HCl treatment”).
(Reprinted from Bokhonov and Dudina [164]. Copyright (2016) with permission from Elsevier)
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driving force for sintering of reaction mixtures composed of micrometer-sized
powders. Reactive sintering is a more complex process than sintering that is not
associated with chemical transformations. Under applied electromagnetic fields, the
behavior of the reaction system will be determined by different responses of the
components, which will depend on their physical properties. Furthermore, the phase
composition of the system will evolve during the process, and its response to the
electromagnetic field may also change.

Chemical reactions can be initiated by electric current, including high-voltage
electric pulses. In pulsed electric current-assisted sintering processes of powders of
electrically conductive materials, the contacts between the particles are regions of a
higher temperature compared with the volume of the particles. When a mixture of
powders of two metals soluble in each other is placed under conditions of highly
localized heat generation at the inter-particle contacts, significant intensification of
diffusion between the metals should be expected.

Experimental evidence of both acceleration and deceleration of chemical reac-
tions under applied electric fields has been obtained. Electric field can cause accel-
eration of a chemical reaction due to alteration of the reaction mechanism. For some
systems, under imposed electric current, the reaction mechanism may remain
unchanged, but the mass transport may be enhanced due to increased defect mobility
and/or concentration. Deceleration of chemical reactions under electric field is
caused by enhanced intergranular sintering in the reactant layers.

The energy for reactive sintering can be supplied in the form of microwaves. The
microwave energy is used to enhance the reaction kinetics and to trigger chemical
reactions at lower temperatures compared with conventional processing. The main
requirement to the reaction mixtures suitable for conducting the microwave synthe-
sis is the presence of at least one microwave susceptor among the reactants, which
would be heated and would transfer heat to the other components by thermal
conduction. Shorter holding times and faster heating allow considering the micro-
wave reactive processing as an energy-saving alternative to conventional sintering.

An advantage of solid-state sintering in a constant magnetic field is a possibility
to achieve crystal orientation during the synthesis of ferromagnetic phases.

In recent years, SPS has become a popular synthesis method in solid-state
chemistry and a materials design tool at nano-, micro-, and macroscales. Compara-
tive studies of reactive SPS and SPS of the products of SHS showed that reactive
SPS is preferable for single-phase materials, which acquire a higher relative density
when processed by the reactive sintering route.

Transformations of carbon allotropes under applied current have been reviewed.
Under electric current, amorphous carbon experiences graphitization. Under pulsed
current during SPS, carbon nanotubes transform into diamond. In mixtures with
particles of insulating materials, carbon nanotubes carry the electric current and
experience overheating relative to the particles of the insulating material and become
more chemically unstable. During SPS, materials being sintered interact with carbon
of graphite tooling and graphite foil and with carbon monoxide formed by oxidation
of graphite at high temperatures under conditions of lack of oxygen in the SPS
chamber. The mechanisms of carbon incorporation into materials during SPS are
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inward diffusion of carbon and carbon evaporation and deposition inside the sam-
ple’s pores. The inward diffusion of carbon is facilitated by a high solubility of
carbon and the presence of defects and grain boundaries in the material being
sintered.

Reactive SPS has allowed obtaining bulk materials with attractive mechanical
and functional properties. The successes of reactive SPS in synthesizing bulk
materials can be utilized to develop the simultaneous synthesis and joining of
different materials and manufacture coatings by sintering of powder layers to sub-
strates. Recent studies have shown that particles with core–shell morphology can be
processed by SPS into bulk porous or dense solids with unique microstructures.

Modeling of reactive SPS should involve the simulation of electromagnetic–
thermal–mechanical phenomena coupled with chemical and phase transformation
thermodynamics and kinetics. This is an extremely challenging problem, which will
have to be addressed in the future studies to provide predictions of the conditions of a
controlled non-equilibrium needed for the positive outcome of most field-assisted
sintering techniques.
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Chapter 11
Other Field-Assisted Sintering Techniques

A number of sintering methods use electromagnetic radiation to rapidly heat the
powder samples. The character and mechanisms of interaction of electromagnetic
waves with materials depend on the wavelength of radiation. Microwave sintering
has been discussed in Chap. 7. Other types of radiation can also be used to deliver
energy to particle assemblies and induce inter-particle sintering. Infrared
(IR) radiation is one of the means of energy transfer in furnaces. Recently, IR
radiation-producing modules have been designed allowing for rapid heating and
sintering of powder layers into films. IR radiation can also be produced by lasers and
is constantly produced by the sun. Metallic particles meeting certain size require-
ments can be heated by intense light from a xenon lamp, while ultraviolet
(UV) radiation can assist in conducting chemical reactions that facilitate sintering.
In this chapter, principles and possibilities of powder sintering using IR radiation
emitted by specially designed modules and laser-assisted, solar, photonic, and
ultraviolet sintering are briefly discussed.

11.1 IR Radiation-Assisted Sintering

This section describes sintering assisted by IR radiation produced by specially
designed modules. In the manufacturing of flexible electronics, conventional
sintering limits the feasibility of the roll-to-roll processing [1] due to long times
required for sintering. Sowade et al. [2] reported IR radiation drying and sintering of
inkjet-printed silver layers on a nonabsorbent polyethylene naphthalate substrate.
Drying and sintering were conducted using an IR module equipped with tube
emitters made of quartz glass (Fig. 11.1). Each emitter consisted of two tungsten
filaments. A U-shaped aluminum reflector was placed above the tube emitters to
increase the efficiency of the IR system. Another reflector was installed under the
substrate to intensify the IR irradiation due to reflection. At a higher filament
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temperature, drying and sintering was more efficient, as the silver layer has a higher
absorbance in the shorter wavelength range.

Georgiadis et al. [3] emphasized the benefit of IR radiation heating over convec-
tion and conduction, which lies in the energy efficiency. They reported the formation
of smooth and crack-free films from a hard latex using IR radiation sintering of dried
layers deposited from emulsion. Using IR radiation-assisted sintering, the film could
be obtained without adding plasticizers, which is a great benefit over the conven-
tional processing, as during the film formation, plasticizers cause the evolution of
volatile organic compounds – substances harmful from the environmental and
health standpoints. In order to assist absorption of the IR radiation by the film, an
additive – a near-IR-absorbing polymer – was used at a concentration of 1 wt.%. The
non-sintered film consisted of spherical particles with voids between them
(Fig. 11.2a). After treatment under a 250 W near-IR lamp for 4 min, the particles
flattened, and the size of the voids decreased (Fig. 11.2b). After 30 min of treatment
(Fig. 11.2c), the separate particles were more difficult to distinguish, which indicated
sintering. The particle flattening was quantitatively analyzed by measuring the
topographic profiles of the films after IR radiation-assisted sintering and heating in
an oven. Figure 11.3 shows the dependence of the peak-to-valley height of the films
on the time of exposure making it obvious that direct IR treatment of the films leads
to a more rapid flattening (and sintering) of the particles in comparison with
conventional treatment in an oven.

11.2 Solar Sintering

Solar radiation is a powerful and ecological energy source. A series of recent
laboratory studies have been conducted using a solar furnace of the Plataforma
Solar de Almería, Spain [4]. This solar furnace consists of the following elements:
a continuous solar-tracking flat heliostat, a parabolic concentrator mirror (collector),
an attenuator (shutter), and a test zone located in the concentrator focus center
(Fig. 11.4). The shutter is used to regulate the amount of the incident light. When

Fig. 11.1 IR radiation module for sintering of inkjet-printed layers of silver on a polymer substrate.
(Reproduced from Ref. [2] with permission of The Royal Society of Chemistry)
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it is 100% open and the direct solar irradiance is 1000 W�m�2, the focus has an
irradiance peak of 3051 W�m�2, a total power of 70 kW, and a focal diameter of
26 cm. A possibility of sintering of alumina at 1780 �C was reported [4]. Technical
issues associated with solar furnaces include overshoot of temperature at the onset of

Fig. 11.2 Atomic force
microscopy height images
of the latex films deposited
at room temperature (a),
after 4 min (b), and 30 min
(c) of IR radiation treatment.
The images size is
5 μm � 5 μm. (Reprinted
with permission from
Georgiadis et al.
[3]. Copyright (2011)
American Chemical
Society)
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solar heating and difficulties in the precise temperature control of the sintered part
[5]. The temperature overshoot may result in the formation of a liquid phase and
undesirable shape distortions. Due to large investment costs, solar sintering facilities
are still expensive tools having a potential of cost reduction in the medium term [4].

A comparison between the microstructure of alumina consolidated by solar
sintering and that of alumina sintered in an electric furnace was made (Fig. 11.5)
[4]. The compacts were sintered by the two methods at the same maximum temper-
ature of 1600 �C but with different heating rates and dwell times. The compact

Fig. 11.3 Dependences of the peak-to-valley height on the time of continuous exposure to near-IR
radiation for the acrylic additive-free latex (filled circles) and latex with 1 wt.% of IR-absorbing
polymer (empty circles) and treatment in an oven at 60 �C (squares). Error bars span the size of the
symbols. During the first 10 min in the oven, there was not significant sintering due to slow heating,
so t ¼ 0 corresponds to 10 min of holding. (Reprinted with permission from Georgiadis et al.
[3]. Copyright (2011) American Chemical Society)

Fig. 11.4 Solar furnace of the Plataforma Solar de Almería, Spain. (Reprinted from Román et al.
[4]. Copyright (2008), with permission from Elsevier)
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consolidated by solar sintering was denser than that sintered in a furnace
(95% vs. 89% relative density). The degree of sintering was also reflected in the
microstructure. The solar sintered compact had well-defined polygonal grains: the
300 nm particles of the powder experienced growth such that the compact consisted
of grains as large as 20 μm. A significant number of voids of spherical shape are seen
in the microstructure of the solar sintered material; these voids are located within the
matrix grains (Fig. 11.5a). The voids were observed on a polished surface. However,
using a different sample preparation technique, it was proved that these voids were
initially (before polishing) filled with particles, which indicates incomplete sintering.
In the compact sintered from the same powder in an electric furnace, only a few areas
that experienced sintering could be found (Fig. 11.5b), the voids were located at
grain boundaries, and the sintered material consisted of 50 μm grains. The micro-
structures of the compacts sintered by the two methods show that an improvement of
densification was achieved by using solar sintering instead of sintering in a furnace.
With the use of solar sintering, a significantly reduced duration of sintering was
achieved for other materials: e.g., cordierite ceramics was sintered by solar sintering
within 60 min, while in conventional sintering, about 24 h is needed for the process
completion [5].

Fig. 11.5 Microstructure of alumina consolidated by solar sintering, heating rate 50 �C�min�1,
dwell time 60 min, relative density 95% (a), and sintered in a resistance furnace, heating rate
5 �C�min�1, dwell time 240 min, relative density 89% (b). Maximum sintering temperature
1600 �C. (Reprinted from Román et al. [4]. Copyright (2008), with permission from Elsevier)
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11.3 Laser-Assisted Sintering

Laser-assisted sintering is used for the fabrication of films in printed electronics and
3D objects. A detailed description of the interactions of laser radiation with materials
and selective laser sintering is beyond the scope of this book and can be found in the
literature on laser processing of materials [6] and 3D manufacturing [7–9]. The use
of different types of lasers for different materials has been described by Lee et al.
[10]. Selective laser sintering of metals is also referred to as direct metal laser
sintering. In this process, Nd:YAG lasers (output wavelength 1064 nm) or
Yb-fiber lasers (output wavelengths 1030–1070 nm) exhibit a higher throughput
than CO2 lasers with an operating wavelength of 10.6 μm. Nd:YAG and Yb-fiber
lasers are also used for sintering of carbide ceramics. CO2 lasers are suitable for
sintering of polymers as the latter have high absorptivity at the operating wavelength
of these lasers. Sintering of oxide ceramics is also possible with the use of CO2

lasers.
In selective laser sintering, partial melting of the powder material can be

achieved, and in this way, selective laser sintering bears similarities with electric
current-assisted sintering, in which the inter-particle contacts in an electric current-
carrying specimen can experience melting, while the particle volumes will continue
to remain solid. Another similarity of electric current-assisted sintering and selective
laser sintering is the dynamic nature of the processes, as the responses of the
materials to the external field change with time. Normally, in the processes of electric
current-assisted sintering, the contribution of inter-particle contacts to the total
resistance of the sample decreases as sintering progresses due to the formation of
well-established inter-particle contacts. At the same time, the resistivity of materials
is a function of temperature and changes upon heating. During laser treatment, the
absorptivity and thermal conductivity of the material are the important properties;
these properties change with the temperature and the structure of the powder layer as
the powder particles sinter between themselves [11, 12]. Absorption of laser radia-
tion is favored by porosity of the powder layer and non-flat surfaces. Olakanmi et al.
[8] indicate the relevance of the information on the sintering behavior of a powder
during pulsed electric current-assisted sintering to selective laser sintering and
suggest using the accumulated knowledge in the field of pulsed current sintering
for gaining insights into the mechanisms of laser-assisted sintering.

11.4 Photonic Sintering

Sintering of nanoparticles using irradiation by light – photonic sintering in a
continuous [13] or flash mode [14–22] – is attracting attention due to possibilities
of fast processing of printed electronics and flexible dye-sensitized solar cells under
ambient conditions as well as using large-area and temperature-sensitive substrate
materials. In photonic sintering, films formed by nanoparticle inks or pastes are
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heated by irradiation. The method uses the differences in the absorption properties of
the substrate and the film composed of nanoparticles. The solvent is evaporated and
sintering between the nanoparticles occurs. By choosing radiation with a desired
emission spectrum, energy can be “pumped” selectively into the printed ink struc-
tures without directly affecting the substrate. As the electromagnetic radiation
directly affects the printed structures and not the film/substrate system as a whole,
sintering is accelerated compared with the conventional process of heating in
an oven.

Photonic sintering is conducted without the application of pressure making
temperature the key factor influencing the film densification [23]. Govorov and
Richardson [24] analyzed the generation of heat in metal nanoparticles irradiated
by light. Heating is strongly enhanced under the conditions of the plasmon reso-
nance. It was found that the temperature increase of the nanoparticles ΔTmax is
proportional to the second power of the nanoparticle radius Rnp:

ΔTmax / R2
np

This size dependence of the temperature increase is governed by the total rate of
heat generation and by heat transfer through the nanoparticle surface. The heating
process also depends on the shape and organization of nanoparticles due to collective
effects.

The results of photonic sintering depend on the size of metallic nanoparticles.
Park and Kim [19] studied flash light sintering of nickel nanoparticles and found that
while particles with a broad size distribution (5–500 nm) were successfully sintered
by the flash light irradiation (xenon lamp, wavelengths 380 nm–1 μm), the films
consisting of 50 nm particles were poorly sintered. The sheet resistance of the
sintered films decreased with increasing sintering energy, which indicates the pro-
gress of sintering. The sheet resistance of the films obtained from the 50 nm particles
was 2–3 orders of magnitude greater than that of the films obtained from the ink
containing nickel nanoparticles with a broad size distribution. Better sinterability of
the films obtained from the ink containing 5–500 nm nickel particles was explained
by a better absorption of light (absorption of light with a wide range of wavelengths)
by particles of different sizes, as shown in Fig. 11.6, and the presence of very fine
nanoparticles, whose melting temperatures are much lower than that of bulk nickel.
Early melting of very fine particles was suggested as a crucial step in flash light
sintering, as the molten material can connect larger particles and facilitate the
sintering process as a whole.

Park and Kim [19] utilized preheating before the main sintering step to improve
the quality of the sintered films. As can be seen from images of the films sintered
at 17.5 J�cm�2 at the main sintering step, the film preheated at 12.5 J�cm�2 had a
more densely connected necking structure (Fig. 11.7a) than the film preheated at
7.5 J�cm�2 (Fig. 11.7b).

MacNeill et al. [13] analyzed photonic sintering of silver nanoparticles both
experimentally and theoretically and found that it is an inherently self-damping
process. The progress of densification reduces the magnitude of subsequent photonic
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heating. Bansal and Malhotra [23] measured the temperature of the silver nanopar-
ticle films during their sintering by intense pulsed light. Measurements were done
using a thermal camera. Under high fluencies, a turning point in the evolution of the
film temperature during sintering was observed: with increasing the number of
pulses, the temperature dropped down after the initial rise. The film densification
leveled off beyond a critical pulse fluence and a critical number of pulses. A
computational model that is able to capture the experimentally observed turning
point in the temperature during sintering was developed. This model links the
electromagnetic finite element analysis of optical energy absorption and semi-
analytical models of inter-particle neck growth to mesoscale transient heat transfer
and densification of the films. It was found that the temperature turning occurs due to
a coupling between optical absorption and densification in the nanoparticle film: a
reduction of optical absorption was caused by the inter-particle neck growth and
changes in the particle shape.
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Fig. 11.6 Absorbance of
light by nickel nanoparticles
with different sizes and size
distributions. (Reprinted
from Park et al.
[19]. Copyright (2013), with
permission from Elsevier)

Fig. 11.7 Morphology of the films obtained from nickel nanoparticles 5–500 nm in size: (a)
preheating at 12.5 J�cm�2, (b) 7.5 J�cm�2 (the main sintering step at 17.5 J�cm�2). (Reprinted from
Park and Kim [19]. Copyright (2013), with permission from Elsevier)
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11.5 UV-Assisted Sintering

UV radiation is useful in the processes that require conducting chemical reactions
along with particle sintering. UV light was used by Oh et al. [25] to sinter TiO2

nanoparticles for the fabrication of dye-sensitized solar cells. An organic compound-
containing titanium was introduced into the TiO2-based ink. This compound
decomposed under UV radiation forming TiO2 particles, which bonded the
pre-existing TiO2 particles together. In a study by Hwang et al. [26], deep UV
light caused decomposition of a poly(N-vinylpyrrolidone) coating on copper
nanoparticles so that the oxide shells on the particles were efficiently reduced.

11.6 Selected Examples of Materials Obtained Using
Infrared, Solar, and Photonic Sintering

IR radiation-assisted sintering has been used for nanoparticles of metals [2], poly-
mers [3], and oxides [27]. A limiting step to the roll-to-roll production of
dye-sensitized solar cells on metals is sintering of nanoparticles of TiO2. Watson
et al. [27] suggested a near-IR heating method, in which titanium substrates are
heated directly causing the removal of the binder and sintering of the TiO2 particles.
Sintering of the same assemblies in a conventional oven at temperatures close to
those achieved by IR heating and for much longer time yielded cell efficiencies equal
to or lower than those manufactured by using IR heating.

Solar sintering is suitable for consolidating metals [28] and ceramic materials
[4, 5, 29, 30] as well as metal–ceramic composites [31]. Rosa et al. [31] showed
that WC–10wt.%Co materials with properties comparable to those of the conven-
tionally processed cemented carbides can be obtained by fast solar sintering. The
differences in the heating schedule in these two processes can be seen in Fig. 11.8,
from which it follows that solar sintering allowed reaching a significant reduction
of the sintering time. As hardness of the solar sintered WC–10 wt.% Co materials
was as high as that of the conventionally processed cemented carbide (13 GPa) and
the fracture toughness was 12 MPa�m1/2, which is only 10% lower than the value
of the fracture toughness of the conventionally processed cemented carbide, solar
sintering was recommended as a cost-effective and environmentally friendly
sintering method of cemented carbides. Close levels of hardness and fracture
toughness could be expected from the similarity of the microstructures of these
two materials (Fig. 11.9).

Photonic sintering was shown to be suitable for sintering of layers composed of
metals [14–20], metal-containing composites [32], as well as conducting oxides [22]
and semiconductors [21, 22]. Using photonic flash sintering, current collecting
grids for solar cell applications were obtained starting from a silver nanoparticle
ink, and the sintering results were compared with those produced by thermal
treatment of the printed structures [20]. Grids obtained by photonic sintering
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exhibited advantages over thermally sintered ones in terms of geometry and con-
ductivity. Worth mentioning are similar conductivities obtained after 5 s of photonic
flash sintering and 6 h of thermal sintering. While a large number of studies on the
feasibility of radiation-assisted methods of sintering of printed electronics have been
published, direct assessment of different electromagnetic wave-assisted methods
using the same object is rarely conducted. From a practical perspective, worth
particular attention is study by Niittynen et al. [17], who compared the structure
and properties of inkjet-printed samples of silver dispersion on polymer substrates
sintered by different techniques – sintering in a convection oven (thermal sintering)
and plasma, laser, and photonic sintering – and concluded on a better suitability of
photonic sintering realized using a xenon flash lamp with an emission spectrum of
350–900 nm for scalable processing of films with good adhesion, high electrical
conductivity, and a uniform and dense nanostructure. The temperature during
photonic sintering could be high enough to cause substrate damage due to dissipa-
tion of heat from the metallic structure. The authors emphasized the importance of

Fig. 11.8 Heating schedules in solar and conventional sintering of WC–10wt.%Co. (Reprinted
from Rosa et al. [31]. Copyright (2002), with permission from Elsevier)

Fig. 11.9 Microstructure of solar (a) and conventionally sintered (b) WC–10wt.%Co. (Reprinted
from Rosa et al. [31]. Copyright (2002), with permission from Elsevier)
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tuning the pulse length, intensity, as well as sintering time to bring substrate damage
to a minimum. An advantage of selectivity of sintering enabled by the laser sintering
technique due to digital control was also highlighted.

Intense pulsed light can be used to initiate chemical reactions. In this regard,
photonic treatment of printed CuO accompanied by its reduction to Cu2O and further
to metallic copper presents a viable route to the fabrication of elements of printed
electronics [33]. Reduction of CuO nanoparticles contained in the ink was due to a
process of photoreduction as well as the presence of reducing agents in the ink.
Morphological transformations from the isolated copper nanoparticles to fully
sintered Cu films could be controlled by changing the light intensity.

Joo et al. [34] tested the sintering behavior of films deposited from inks
containing both copper nano- and microparticles. The resistivity of the film sintered
from the microparticle ink (246 μΩ∙cm) was greater than that of film obtained from
the nanoparticle ink (210 μΩ∙cm); these films were sintered under the same flash
light sintering conditions. An interesting result was a lower resistivity of the film
obtained from the ink containing both nano- and microparticles in the 50:50 volume
ratio (80 μΩ∙cm). The authors saw the reason for an advantage of inks with particles
of mixed sizes in the capability of the nanoparticles to fill the pores between the
microparticles. In the film fabricated from the nanoparticle ink, nanopores remained,
while in the film sintered from the microparticles, the remaining pores had sizes
comparable to the size of the microparticles. The problem of residual pores was
successfully solved by a proper choice of the composition of the initial ink in terms
of the size of nanoparticles. In order to increase the relative density of the flash light
sintered films obtained from copper nanoparticle inks, Chung et al. [35] suggested
adding copper-containing precursors that undergo chemical transformations
resulting in the in situ formation of copper during flash light treatment of the films.
Following this strategy, films with a low resistivity (27.3 μΩ∙cm) were obtained from
a mixed ink with copper (II) nitrate trihydrate as a copper-containing precursor.

In addition to single metal features, alloys and composite films can be obtained by
radiation-assisted sintering. Zhao et al. [36] sintered copper features by using a
pulsed green light laser and a pulsed UV laser and, in order to increase the resistance
of copper to oxidation, suggested alloying it with gold. Alloying was also beneficial
in reducing the melting point of the material. The CuxAu100-x alloys when printed
and laser-sintered can be used as a basis for flexible chemical sensors for the
detection of environmental pollutants and breath biomarkers. Composite films
consisting of copper and multiwalled carbon nanotubes were obtained by flash
light sintering [32]. For that, carbon nanotubes were dispersed in the copper nano-
particle ink. In the films containing the same concentration of nanotubes, the size of
the pores decreased with increasing nanotube length. The presence of carbon
nanotubes improved the environmental stability of the films by slowing down the
process of oxidation of copper to Cu2O.

In addition to sintering of nanoparticles, welding of nanowires can occur under
flash light treatment [37–39]. In order to improve the optical efficiency of a flash
lamp and light absorbing yield, silver nanowires deposited on a substrate were
encapsulated by a graphene layer [38]. In the presence of graphene, ultrafast welding
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of the nanowires (in less than 20 ms) was observed under the intense pulsed light
treatment, while pristine (uncoated) nanowires remained intact. The graphene layer
is thought to effectively absorb the energy of radiation and transfer it to the silver
nanowires. Mixed inks containing copper nanoparticles and copper nanowires in
various proportions were tested by subjecting them to sintering under the same
conditions [39]. The film flash light sintered from the ink with 5 wt.% of copper
nanowires had a lower resistivity (22.77 μΩ�cm) than those obtained from the inks
containing copper nanoparticles or nanowires only (94.01 μΩ�cm and 104.15
μΩ�cm, respectively).

Intense white light-assisted sintering was shown to be suitable for sintering of
TiO2 photoelectrodes [21]. The heating of the TiO2 layer on tin-doped indium oxide-
polyethylene terephthalate substrates was suggested to be caused by the sub-band
absorption. The treatment of the TiO2 film with intense pulsed light helped achieve
interconnection between the TiO2 particles and led an increase in the mechanical
stability of the photoelectrode and an improvement of the power conversion effi-
ciency over the entire spectral range.

11.7 Summary

This chapter reviewed the principles of sintering techniques based on the application
of electromagnetic radiation to powder materials – IR radiation-assisted, laser, solar,
photonic, and UV sintering. To enable rapid heating and sintering of powders, IR
radiation-producing modules have been designed. IR radiation can also be generated
by lasers and is contained in the solar radiation spectrum. Laser sintering is widely
used in the layer-by-layer 3D manufacturing of parts from metallic, ceramic, and
polymer materials. Solar energy is a clean and ecological type of energy. However, it
requires large initial investments into the facilities. Solar sintering is suitable for
metals, ceramics, and composite materials and offers faster heating and more rapid
densification than conventional furnace sintering. Photonic sintering is conducted
mainly by intense pulsed light radiation in the 380 nm–1 μm wavelength range. It is
suitable for sintering of metallic nanoparticles, metal-containing composites, as well
as semiconductors. A growing interest to IR radiation-assisted and photonic
sintering is due to their compatibility with the roll-to-roll fabrication of flexible
electronics. UV light is instrumental in initiating chemical reactions and can be used
to facilitate sintering when the products of the in situ conducted reactions have
advantages in terms of composition and particle size for the progress of sintering. For
almost all of the mentioned sintering techniques, the published studies are predom-
inantly descriptive and provide mainly qualitative analyses. An in-depth consider-
ation of these sintering approaches’ underlying physical phenomena and the related
predictive modeling represent the future research directions.
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Concluding Remarks

Тhis book describes the scientific and technological concepts of field-assisted
sintering that have evolved over the past 120 years. Starting in the late nineteenth
century with the consolidation of the heating filaments of the incandescent lights by
passing high-voltage electric current discharges and up to the latest successes of
ultra-high-speed production of complex net-shape metallic and ceramic products,
field-assisted sintering attracts an increasing number of researchers by a broad
variety of its technological capabilities and scientific problems.

The rich diversity of technical solutions is possible in this area due to a significant
number of different factors involved in the control of field-assisted sintering pro-
cesses. The use of electromagnetic factors in addition to the traditionally applied in
materials processing heating and pressure remarkably increases the possibility of
precision control of consolidation processes. At the same time, the complexity of the
processing also increases significantly, reaching even higher degrees with the
involvement of chemical reactions or phase transformations.

In fact, a successful field-assisted sintering process utilizes the conditions of
controlled non-equilibrium. The high rate of field-assisted processing is based on
various transient thermal and nonthermal phenomena, which, if properly managed,
provide unique environment for densification and microstructure retention. There-
fore, one of the most important challenges of field-assisted sintering techniques is the
process stability and the possibility of the process control.

The complexity of the technological equipment for field-assisted sintering
reached its highest degree in industrial devices for spark plasma sintering. These
devices include, on the one hand, the possibility of the computerized control of the
heating, pressure, and electric current, and on the other hand, they provide an in situ
recording of all the process parameters. From this viewpoint, even aside from its
field-assisted capabilities, this equipment represents an embodied dream of the
previous generations of researchers in the area of materials processing. It should
be admitted that the high interest of the materials processing community toward
field-assisted sintering, and especially spark plasma sintering, is partially caused by
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the abovementioned comprehensive equipment capabilities and the rapid turnover of
the experimental results.

At the same time, field-assisted sintering gains particular prominence in connec-
tion with its unique capabilities of processing very hard-to-deform materials, which
would typically require lengthy consolidation times at significantly elevated tem-
peratures under conditions of conventional powder pressing or sintering. Practical
implementations of the field-assisted sintering’s bright potential, however, are lim-
ited by the lack of theoretical concepts enabling the respective processes’
predictiveness and optimization. Indeed, despite all the noticeable advantages,
traditionally, the use of field-assisted sintering in many cases is still shrouded in
mystery. Overwhelming majority of studies on field-assisted sintering describe
empiric trial-and-error attempts to consolidate various powder material systems.
Generic physically based modeling concepts are currently in strong demand to
enable the understanding and control of the “field effect” – a distinguishing set of
factors rendering different field-assisted sintering vs. conventional hot pressing and
sintering results.

In this connection, this monograph is an attempt to systematically describe
various field-assisted sintering techniques with an emphasis on the fundamental
principles of these processes. The solutions of the fundamental and applied problems
require the in-depth understanding of the field-assisted sintering’s underlying fun-
damental physics and the respective predictive process modeling and modeling-
based optimization. Obviously, for the further development of this field, process
modeling should not be a scholastic addition to the experimental data, but a direct
part of the technological process.
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