
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

9.1 Principles of MPC 295



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)
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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.
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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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