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Abstract: Powder metallurgy (PM) offers several advantages over conventional melt
metallurgy, including improved homogeneity, fine grain size, and pseudo-alloying ca-
pabilities. Transitioning from conventional methods to PM can result in significant en-
hancements in material properties and production efficiency by eliminating unnecessary
process steps. Dynamic compaction techniques, such as impulse and explosive compaction,
aim to achieve higher powder density without requiring sintering, further improving
PM efficiency. Among these techniques, magnetic pulse compaction (MPC) has gained
notable interest due to its unique process mechanics and distinct advantages. MPC utilizes
the rapid discharge of energy stored in capacitors to generate a pulsed electromagnetic
field, which accelerates a tool to compress the powder. This high-speed process is par-
ticularly well-suited for compacting complex geometries and finds extensive application
in industries such as powder metallurgy, welding, die forging, and advanced material
manufacturing. This paper provides an overview of recent advancements and applications
of MPC technology, highlighting its capabilities and potential for broader integration into
modern manufacturing processes.

Keywords: powder metal materials (PMM); powder metallurgy (PM); pulsed electromag-
netic field (PEMF); magnetic pulse processing (MPP); magnetic pulse compaction (MPC)

1. Introduction
Powder metal materials (PMM) offer numerous advantages due to their manufacturing

process, including homogeneity, fine grain structure, and pseudo-alloying capabilities. The
shift from conventional metallurgy to powder metallurgy has significantly improved
material properties while providing remarkable cost savings by eliminating traditionally
necessary process steps [1]. Dynamic compaction processes primarily aim to achieve higher
powder density than conventional compaction methods (without sintering) [2]. Impulse
compaction refers to powder compaction under pulse loads [3].

Explosive compaction exemplifies this process [4]. In this method, a pressure wave is
generated by detonating explosives directly on the powder. The powder can be compacted
through three approaches: direct explosive compaction on active tool elements accelerated
by the explosion energy, indirect compaction using an explosive-powered hammer, or
indirect hydrodynamic explosive compression employing a liquid pressure transmission
medium. The compaction outcomes depend on several factors, including powder prop-
erties (chemical composition, particle fracture, bulk density), driver unit specifications
(material and dimensions), explosive characteristics (type and mass), and the technological
setup. Explosive compaction achieves sintered densities of 70–95%, with certain conditions
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enabling nearly 100% density—1.5 to 1.8 times higher than those achieved through static
pressing methods [2].

Explosive compression generates substantially higher pressures than alternative com-
pression methods, reaching up to 5000 MPa compared to approximately 1500 MPa with
isostatic compaction. This intense pressure enables particle smashing, plastic deformations
in fine material construction, phase transformations, chemical reactions, thermal dissocia-
tions, and enhanced sintering activation, allowing the actual sintering process to occur at
lower temperatures.

The relationship between the relative density of the compacted powder by different
compression processes depends on the used energy [5,6].

An example of impulse compaction is explosive compaction, where a pressure wave is
generated by detonating explosives directly on the powder. In direct explosive compaction,
this pressure wave accelerates active tool elements, which compress the powder under the
explosion’s energy. In indirect methods, such as compaction using an explosive-powered
hammer or hydrodynamic explosive compression, either the hammer strikes the powder,
or a liquid transmission medium is used to apply pressure to compact the powder. The
success of compaction is influenced by various factors, including the chemical composition
of the powder, particle fracture characteristics, bulk density, the material and dimensions
of the driver unit, the type and mass of explosives used, and the specific technological
arrangement. With explosive compaction, sintered densities of 70% to 95% have been
achieved, and under optimal conditions, near full densities (close to 100%) can be realized—
up to 1.5 to 1.8 times higher than those achieved with static pressing [2].

Explosive compaction technology produces unique hard alloys from refractory metal
carbides—combinations impossible through traditional methods. However, its applications
remain limited, primarily serving to create large powder blanks that need mechanical
processing afterwards. The process demands strict safety protocols [7].

The explosive compaction technique achieves a considerably higher pressure com-
pared to conventional powder metallurgy. The method of explosive compaction of mixtures
of silicon carbide powders with titanium provides material consolidation and deposition
on the surface of a metal substrate [8].

This study of explosive compaction using shock waves generated by high-energy load
from emulsion explosives to improve the hardness of aluminum 6061 provides insights for
further research on the mechanical properties of materials and the potential of explosive
compaction for enhancing other mechanical properties of materials. The average micro-
hardness values of the specimens were also found to be significantly improved [9].

Dynamic methods include direct powder forging (DPF) [10,11], which offers the poten-
tial to overcome the limitations of traditional casting and PM processes. Olsson et al. [12]
introduced this technology in the 1970s to consolidate tool steel powder into bar stock
without using isostatic compaction. They achieved full density by forging and rolling a
filled and sealed canister and used titanium as an oxygen getter to prevent oxidation. Direct
powder forging is a near-net-shape manufacturing process that combines powder metal-
lurgy with forging techniques. In this method, metal powders are directly consolidated and
shaped into the final component through a single-step forging operation. This approach
bypasses several intermediate steps typically required in traditional powder metallurgy
or casting processes, leading to significant cost and time savings. Implementing direct
powder forging for TiAl alloys represents a substantial advancement in manufacturing
technology [13].

Scientists are exploring alternative pulsed energy sources, such as impact energy
from accelerated solid bodies, electrical discharge, and electromagnetic fields. Among
these approaches, powder forging has demonstrated notable success in consolidating
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pre-sintered powder blanks [11,14]. The main types of dynamic compaction processes of
powdered materials are shown in Figure 1.
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Current research in the field strongly emphasizes the development and implementa-
tion of combined pulsed compaction technologies, which represent a significant advance-
ment in materials processing methods. These innovative approaches, as documented in
multiple recent studies [10,15,16], demonstrate promising results in improving material
properties and processing efficiency.

Additive Manufacturing (AM) methods have recently emerged as a promising al-
ternative to traditional powder metallurgy processes [17]. While AM offers significant
advantages in material efficiency and processing flexibility [18], its adoption in the powder
metallurgy industry remains limited. This presents both challenges and opportunities for
researchers and engineers to explore the integration of AM techniques into existing powder
metallurgy workflows.

2. Magnetic Pulse Powder Compaction Method in Powder Metallurgy
Magnetic pulse powder compaction (MPC) is a technique in powder metallurgy

that employs the application of high-intensity magnetic pulses to consolidate powdered
materials into dense and complex shapes. This method offers several advantages over con-
ventional powder compaction techniques, making it a promising avenue for advancements
in materials science and manufacturing.

The MPC method (Figure 2) is based on the principle of electromagnetic induction.
When a high-intensity magnetic pulse is applied to a conductive powder, it induces eddy
currents within the powder particles. These eddy currents, in turn, create repulsive forces
between the particles, resulting in their rapid and forceful compaction. The magnetic
pulse is typically generated by discharging a high-energy capacitor bank through a coil
surrounding the powder mold. The duration of the pulse is typically in the microsecond
range. The electromagnetism is generated by a capacitor and discharged by coils, which
enclose or are enclosed by an electrically conductive material and placed directly on the
powder to be compacted using a shell [19,20]. An active tool element, accelerated by the
magnetic force, can compress the powder by pressing it [5,21,22].
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7—compression mold; 8—drawing die; 9—tube.

The advantages of MPC over conventional compaction methods, such as pressing and
sintering, are numerous. First, the high-energy pulses can generate significantly higher
pressures compared to conventional methods, leading to higher densities and improved
mechanical properties in the final product. Second, MPPC allows for the compaction of
complex shapes that are difficult to achieve with traditional techniques, as the magnetic field
can penetrate the powder bed and compact it uniformly without the need for mechanical
tooling. Third, the process is relatively fast and can be automated, making it suitable for
large-scale production [23–28].

Figure 2 shows the methods of magnetic pulse processing in powder metallurgy:
pressing, powder coatings, assembly of the powder parts, moving and conveying of the
powder materials, and combinations of these methods with other technologies. The method
of magnetic pulse processing (MPP) is based on the use of electric power stored in storage
capacitors or other kinds of capacitors accumulating energy in the range from 1 to 100 kJ. Its
discharge to the coil (working tool) produces a short pulsed electro-magnetic field (PEMF)
of 50–200 A/m at the discharge frequency of 20–250 kHz [5,23,29–31].

One of the first reports about the application of PEMF for the compaction of powder
materials was published by D. Sandstrom in the USA [32]. Following that, similar reports
have been published in Germany [20,29,33,34] and the SU [19,21,35–37]. These papers
describe an electrodynamic powder compaction technique, where torques arise due to
the repulsive force of parallel plates or tubular jackets while the pulsed reverse discharge
currents move through them [38]. This technique failed to develop due to relatively low
process efficiency. In the 1980s, a range of new papers on the research in magnetic pulse
compaction (MPC) of powders [25,33,35,36,39,40] were published. It was forced by the
rapid development of powder metallurgy and the increased interest researchers had in all
pulsed processes at that time. The powder compaction methods such as compaction in the
shell and magnetic hammering have been developed most actively [19,25,33,40–42].

In recent years, the interest in the application of PEMF in powder metallurgy has
grown, owing to the achievements in the field of welding [27,31,34,43,44], assemblage oper-
ations, and die forging of thin-walled metal sheets [27,38,45] and tubular parts [31,46–48].



Metals 2025, 15, 155 5 of 21

Examples include the manufacturing of press-molded matrices for molding plastics and
powder compaction [39,49–52], electrodes for electro-erosion treatment [53], and powder
filters for vacuum metallization, bimetallic worm gear wheels, etc. [54–57]. Significant
progress has already been made in creating non-detachable joints for components [27,48],
and these advancements could be extended to assembling powdered parts.

Fast and low-cost manufacturing of parts for small batch production with a ratio of
length to diameter >2.5 is one of the main benefits of MPC. It is crucial to apply pulsed
magnetic fields to specific powder material treatment techniques, which differ from the
ordinary compaction of nanopowders in particular, as well as the possibilities to extend
the integration of MPC with other process technologies [58,59]. The development of MPC
technologies has had a significant impact on the elaboration and production of gamma
pulse generators by several companies in Germany, the USA and SU [25,31,41,52,60,61],
and other countries.

Interest in magnetic pulse compaction (MPC) is growing due to advancements and
improvements in the process itself, as well as in related industrial fields. This primarily
includes enhancing the efficiency of pulse current generators [26,27,51,61], which are the key
components of the equipment, and improving the reliability of coil systems [23,24,41,46].
For example, studies [23,27] have demonstrated that the coil–coil design is a critical part of
electromagnetic forming technology. These studies discuss various coil failure modes and
propose measures to prevent them [23,27].

Traditional electromagnetic drives typically use coils with spiral configurations, which
create uneven pressure distribution. This limits the types of parts that can be formed and
reduces their quality. In electromagnetic stamping, however, a new type of electromagnetic
drive has been developed. This innovation enables the uniform and efficient acceleration
of conductive metallic elements to speeds of approximately 200 m/s [23,61]. This method
could also be effectively applied to powder compaction, as well as to accelerating and
transporting powders in an electromagnetic field.

The use of combined methods, which integrate dynamic and static loading, shows
great promise [27,28,62,63]. For manufacturing long powdered components, the MPC
method offers significant potential due to its ability to enable step-by-step process-
ing [31,42,48,64]. In traditional manufacturing, these components are produced by ex-
trusion molding, which involves pressing powder mixed with a plasticizer through a
die, followed by pre-sintering to remove the plasticizer. The high pressure achieved with
MPC eliminates the need for this additional step. The development of MPC is further
supported by modern mathematical modelling methods for optimizing process parame-
ters [41,42,50,65,66]. Mathematical modelling also proves highly effective in optimizing
and accelerating processes involving pulsed electromagnetic fields [67].

It is also worth noting that MPC is being increasingly applied to emerging fields, such
as the densification of nanomaterials [66,68], and influencing liquid metals before powder
atomization [65,66], among others.

This paper provides an overview of the state-of-the-art in MPC applications
and capabilities.

3. Types of Magnetic Pulse Compaction of Powder Materials
All powder materials, including metal powders, have low electrical conductivity in

their bulk state. In these materials, the current is induced by a very small magnetic flow
in each powder particle. Due to high electrical resistance between particles, the current
loops within each particle, causing slight volume compression without reciprocal particle
deflection. This makes direct compaction of bulk powder materials practically impossible.
To achieve the required product shape and sufficient powder compression pressures, special
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technological cases are used in magnetic pulse compaction (MPC)—either containers made
of highly conductive materials (copper, aluminum) or punches with conductive surfaces
facing the coil [19,23,31,37,57].

MPC techniques can be classified by these basic technological and electro-
physical parameters:

• Type of electromagnetic interactions: inductive and electrodynamic.
• Direction of pressure application: unilateral, bilateral, or stepwise.
• Part shapes: simple cylindrical parts (solid and hollow), axisymmetric parts with

complex geometry, and plates.
• Mutual bracing of press mold and coil: shell compaction, shell expansion, and axial

compaction “magnetic hammer” usage.
• Thermal mode: cold compaction or compaction with heating.
• The intermediary agent between coil and powder: steel mold, electrically conductive

metal shell, or interim medium between shell and powder.

The final density of parts depends on several factors: powder particle properties and
size, technological shell properties (electrical and mechanical) and dimensions, capacitor
bank electrical parameters, discharge power, and working tool parameters (coils and
magnetic field concentrator). For tubular parts, the central mandrel plays an essential role
in the compaction process.

4. Compression of Powders in an Electrically Conductive Driver Unit
Many studies specifically addressed the inductive MPC methods. The inductive MPC

methods are based on the interaction between the PEMF coil and the magnetic field of eddy
currents, induced to the conducting shell that contains the powder.

MPC with powder compaction in a shell (Figure 3a) can be performed with one
or repeated impulses without moving its axis. This technique demonstrates a range of
advantages over other methods due to a simpler design and higher coil durability. The
density of a powder part is distributed more evenly lengthwise. This technique has a lot in
common with isostatic powder compaction in steel or elastic driver units, as well as with
explosive and hydrodynamic pressing of pipes and bars [2,7]. Production and shell removal
are performed by etching, melting down, or mechanical treatment. However, this makes
the process more complex and costlier. In the case of commercialization, such advantages of
the MPC with driver unit powder compaction as simplicity of the technological equipment
used, easy changeover, the accuracy of energy dosing, the opportunity to perform the
whole set of operations in the same equipment, as well as material sealing and vacuuming,
should be considered [30].
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When using the МРC with shell expansion (Figure 3b), the coil is subject to increased
requirements. In this case, it has a smaller size, and its casing is not durable enough, but
the heat dissipation is obstructed.

Nevertheless, this technique can be applied in the production of parts with a complex
outer surface as well as large-diameter rings.

The achieved compaction density increases as the discharge energy grows, approach-
ing the limit value, although not reaching 100% of the theoretical density. According to [22],
it is explained by the formation and destruction of “bridges” and the complexity of cavity
filling during pulsed loading [65]. Powders of irregularly shaped particles and sufficient
plasticity are particularly well suited to magnetic pulsed compaction. Sufficient cohesion
between particles is not reached during compaction of a small grain and solid powders
(for example, Al2O3) with single pulsed loading. The MPC technique can still be beneficial
during compaction of low plasticity powders, provided that repeated loading is applied.

The MPC process primarily depends on PEMF characteristics: maximal density of
the field, frequency, and damping mode. In particular, in the MPC course, the same as in
other MPP processes, the selection of the amplitude, frequency, and form of the impulse
going through the discharge current coil is of primary importance [19,53]. Certainly,
shell material and thickness, the physical properties of the powder, and the level of its
preliminary compaction do significantly impact the process.

It is demonstrated in [36,61] that the highest value of pulse current will be reached un-
der periodic damped vibration conditions. Consequently, to enhance the process efficiency,
it is necessary to have a low active resistance oscillating circuit [69]. At the same time, the
shell length (l) must be much longer than its outer radius (ro), but the radius (re) is much
larger than its thickness (b).

Cumulative pressure on a working piece (p) is equal to the difference between PEMF
pressures upon the shell wall being applied from one and the other side [19,34]:

p =
1
2
· µa ·

(
H2

1 − H2
2

)
, (1)

where H1—PEMF intensity in the gap between the coil and the shell; H2—PEMF intensity
on the inner shell wall; and µa—magnetic constant.

The value of backpressure conditioned by the magnetic field on the inner driver unit
wall depends mostly on the frequency and rate-of-rise in the magnetic flux and the shell
material’s electric conductivity. For instance, during the copper driver unit’s compression
at the discharge frequency of approximately 10 kHz, the depth of field penetration (∆) is
0.7 mm. At the same time, for the driver unit thickness (τ), being equal to the depth of
penetration (τ = ∆), the amplitude of magnetic induction (Bmax) decreases to 37% of its
initial value on the outer surface. In case of an evident surface effect (τ ≥ ∆), the formula
of necessary magnetic pressure can be expressed as follows:

p(t) =
(Hm)

2µ

2
e−βtsin2ωt, (2)

where Hm—the maximal value of PEMF intensity in the coil; µ—magnetic constant; β—
damping decrement; and ω—circular frequency of discharge current.

The values most frequently used in the estimation of the compaction process efficiency
on the equipment with the known parameters include the value of power capacity (W) and
the reached relative density (p) of a pressed piece, which is higher in the case of ductile
powder materials (Figure 4a). Relative density decreases as the volume of powder in the
shell (s) increases (Figure 4b).
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C·U2

2
, (3)

where C—capacity of the impulse generator capacitors and U—discharge voltage. The
energy consumption of the unit (Wg) can be calculated using the Formula (4):

Wg = amax·(ρn − ρn)·V0·ρn, (4)

where V0—an initial volume of the powder; ρn—relative density of the powder before
compaction; and amax—maximal compaction work required to reach 100% density.

Paper [70] suggests the MPC model based on the experimental research results in
high-rate compaction of powders. Figure 5 presents the tubular parts produced using single
compaction in the copper shell. This technique’s major weakness is that it is necessary
to remove the shell before the final sintering. The shell is removed mechanically. It is
much more efficient to place an intermediate layer of rapidly melting materials between
the powder and the shell, such as a polyethylene foil layer.
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During MPC, the presence of a thin-wall conducting shell can play a positive role, for
instance, during hot powder compaction or compaction of active materials [33]. The shell
itself can also be used in the production of parts [19,37].

The paper [36] offers a technique where a pressed piece with the shell undergoes
sintering at a temperature that exceeds the shell material’s melting point. Assisted by
capillary forces, the forming liquid metal of the melted shell fills the pressed piece’s pores.
This technique’s application allows the labour-intensive procedure of shell removal to be
avoided, improving the density of the parts and decreasing their net cost. In this case, shells
become integral parts of the component.

The infiltration temperature has to be close to the melting point of an infiltrating
material [19,71]. Some cases require that it exceeds the melting point by 80–100 ◦C. However,
a more considerable increase in the heating temperature can lead to a sharp rise in the
reciprocal solubility of components. Some photographs of microstructures of iron powder
pressed pieces before and after infiltration of the molten copper driver unit are shown in
Figure 6.
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ogies, such as additive manufacturing methods or high-energy synthesis techniques like 
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tailored to meet the requirements of the final product. Following this, metallic powder is 
produced from the alloy, which then undergoes the sintering process. Subsequently, the 
resulting component is subjected to additional processing [72]. 

Figure 6. Microstructure of the iron powder ASC100.29 after MPC and sintering (a,b). After MPC,
sintering, and copper melt infiltration (c,d). Sintering was performed in endogas (T = 1120 ◦C,
t = 30 min).

The MPC method holds significant potential in modern powder metallurgy technolo-
gies, such as additive manufacturing methods or high-energy synthesis techniques like
SPS (Spark Plasma Sintering) or PPS (Pulse Plasma Sintering). Additive manufacturing in
the field of powder metallurgy continues to face challenges such as thermal limitations,
inconsistent material properties, and low production efficiency [72].

The process of producing a component using 3D printing is only one part of a labour-
intensive workflow. Initially, an alloy must be prepared, with its chemical composition
tailored to meet the requirements of the final product. Following this, metallic powder is
produced from the alloy, which then undergoes the sintering process. Subsequently, the
resulting component is subjected to additional processing [72].
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To enhance density and achieve more uniform properties throughout the volume,
additional deformation is often applied. In such cases, using compression in a pulsed
electromagnetic field can be an effective approach. A notable advantage of this technique
over other methods is its non-contact application, where the surface of the product is
manipulated using electromagnetic forces.

5. Axial Compaction of Powders in a Matrix
The MPC using the magnetic hammer in a rigid press mold has attracted considerable

interest lately [32]. The material is poured into a press mold and compacted with one
or repeated impact impulses of the moving plate (Figure 7). The plate with the punch is
driven by the energy of a pulsed electromagnetic field (PEMF). The value of electromagnetic
pressure (p) greatly depends on the pulsed current generator and coil parameters, as well
as on the mass of the impact plate [53]. An opportunity to change the value of the impulse
pressure Pmax in a sufficiently wide range, as well as to perform repeated loading, are the
main benefits of this method.
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Figure 7. Principal diagrams of (a) unilateral and (b) bilateral PEMF of powders in the rigid mold:
1—coil (coil); 2—punch; 3—mold; 4—powder; 5—shock plate; I—pulsed current in the generator-coil
circuit; J—current in the conductive plate; F—force.

Compaction density can be improved by increasing the specific compaction pressure
Pmax by increased working pressure on the coil U and increased amplitude of the impulse
discharge current Imax. However, it should be noted that in this case, the durability
of the equipment is reduced and the power consumption W increases. Additionally, a
concentrator for the electromagnetic field can be used, which allows for increasing the plate
area exposed to the coil field, which enhances the durability of the coil. A limited range of
part forms and sizes, as well as heterogeneous properties regarding height, are among the
disadvantages of this technique. The bilateral MPC allows for achieving higher density and
more uniform properties of the powder parts [71,73]. Even higher density can be provided
using repeated MPC, this specifically applies to ceramic powders. However, in some cases,
structural heterogeneity cannot be eliminated in such a way.

To increase density and produce the required forms and sizes, the combined MPC
technique was suggested. Figure 8 demonstrates the setup, consisting of a hydraulic press
and a magnetic-pulse unit.
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6. Manufacturing of Long-Length Parts
Powder metallurgy is a versatile manufacturing process used to create a wide range

of parts, including long parts. While powder metallurgy is commonly used for smaller
components, its application extends to producing long parts, commonly used in the auto-
motive and aerospace industries and medical devices. These parts are often characterized
by their complex shapes, intricate designs, and demanding performance requirements.

The production of long parts from powders presents unique challenges compared
to conventional machining methods. The primary obstacle is ensuring uniform density
and mechanical properties across the entire length of the part, as well as controlling the
final shape and dimensions. This requires careful control over various process parameters,
including powder characteristics, compaction pressure, and sintering conditions.

Two main methods are employed for producing long parts from powders: the hydro-
static method [74] and mechanical presses (screw presses) [75]. The hydrostatic method
involves using a hydraulic press to compact the powder in an elastic container, offering
a more uniform density distribution throughout the part. On the other hand, mechanical
presses (screw presses) are used for extruding materials [75].

The MPS compaction diagram is shown in Figure 9 for the fabrication of tubular and
solid long-length components. This procedure is particularly advantageous when the outer
metal shells form an integral part of the component and are not intended to be removed.

The shell can be moved either cyclically or continuously. In the case of continuous
movement, it is essential to use high-frequency pulse generators operating at 30–60 pulses
per minute.
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7. Processing and Joining of Sintered Powder Parts by a Pulsed
Electromagnetic Field

The MPC technique is an efficient treatment technology for sintered powder parts of
materials with high conductivity and magnetic permeability. First of all, these are materials
based on Fe-C-Cu. MPC can be used for extra compaction of the parts to increase their den-
sity or perform local deformation [37,39]. In the latter case, using an electromagnetic field
concentrator [22,76] (Figure 10) is expedient. Sintered powder materials display specific
properties like a residual porosity of 5–15%. However, this enhances the ductility of the
part during impulse loading but reduces its stability, which can lead to its destruction [77].
The residual porosity’s presence reduces the powder parts’ conductivity and magnetic
permeability. This requires an increase in the electromagnetic pressure during its treatment
in contrast to the treatment of a molded or fabricated piece.
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Figure 10. Schemes of MPC application for (a) extra compaction; (b) calibration; (c) local deformation
of powder parts. 1—coil; 2—pressed powder part; 3—simple male punch; 4—electromagnetic
field concentrator.

MPC can be recommended for the production of permanent joints of powder parts.
Applications are illustrated in Figure 11.
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Figure 11. Parts produced by MPC: (a) mold block from WC-Co alloy with the Fe-C-Cu ring;
(b) copper ring crimping on the filtering sintered bronze element, and (c) threading on the Fe-C-
Cu sleeve.

8. Combined Methods of Pulsed Electromagnetic Compaction of
Metal Powders

Within the methods of PMC of powder materials, a pulsed electromagnetic field
is used to move a punch or shell. The advantages of these methods include a micro or
millisecond range for the application of additional dynamic load, the possibility of obtaining
long-length products, and the opportunity to integrate pulse-magnetic equipment into a
processing line. The implementation of such technology is made possible by the use of
resistant coils, connected with the pulse-magnetic installation, and devices for continuous
feeding of the powder material. Design features and application of effective re-usable coils
are considered in [31,43].

Experimental studies were conducted using a laboratory setup that included a hy-
draulic press with a force of 100 kN and an electromagnetic pulse generator with a charge
energy of 2.5 kJ (Figure 12). The studies were carried out on the powders NC 100.24 and
ASC 100.29 Höganäs AB [5]. During mixing, the lubricant Kennolube (0.6%) was added.
A steel mold, 10 mm in diameter, was placed on the frame of the press. The depth of the
filling chamber was 20 mm.
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Figure 12. Scheme (a) and the pilot (b) unit for the combined MPC: 1—upper punch; 2—press mold;
3—powder; 4—lower punch; 5—coil; P—hydraulic press force; Q—electromagnetic pressure force.

The density resulting from the compaction (p) was estimated by measuring the degree
of a settlement of the punch into the die. The results of the experiments are shown in
Figures 13–15. The experiments were performed for all powder compositions under the
same parameters of compaction.
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The combination of pulse compaction and axisymmetric extrusion for long-length
parts production offers a promising alternative to conventional powder pressing in a shell
using a magnetic field. This process was described for the first time in [78].

The MPC method using extrusion was applied for manufacturing lengthy workpieces.
Multi-layer specimens, 200–500 mm long with an outer diameter of 10–80 cm, were pro-
duced (Figure 16a). The external shell was made of an 8 mm-thick copper tube. To form
the inner hole, a steel mandrel was used, which was removed prior to sintering. The
basic filling was a powder mixture based on iron ASC100.29, containing 2% Cu and 0.5%
S. Additionally, Kennolube was used as a lubricant. A 5 kJ energy discharge performed
pulsed treatment. Sintering was carried out in an endogas atmosphere (40% H2, 20% CO2)
at a temperature of 900 ◦C. The residual porosity after a single compression and drawing
was within 3–5%.
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Figure 16. Experimental products using MPC: (a)—a copper tube with inner powder coating (outer
diameter 18 mm, length 300 mm); (b)—a cross-section of a two-layered part with an inner piece of
WC-Co alloy and an external frame of Fe-C-Cu alloy.

As another experimental task, the manufacturing of a two-layered part was chosen.
The outer part was made of a material on the base of iron ASC100.29, containing 8% Cu
and 0.5% C, and the inner part was made of the sintered hard WC-Co alloy (Figure 16b).
Sintering in an endogas atmosphere (40% H2 + 20% CO2 + 40%N2) was carried out in two
stages—the preliminary stage at 900 ◦C and the final one at 1150 ◦C—with the technological
copper driver unit melting and the molten copper infiltrating the compacted layer of the
iron-copper composition. There was no notable porosity. To increase the cohesion between
the iron–copper frame and hard alloy insert, the outer surface of the insert was made with
increased roughness.

The experiments showed that the MPC method’s compression level depends mainly
on the level of pulse energy. An increase in the discharge energy from 3 to 5 kJ leads
to an increase in the density of the material by 20–30%. The second important factor is
the number of repeated pulses of discharge. However, implementation of this technique
requires lowering the shell movement’s speed in the axial direction, which is not efficient
from the production point of view.

The experiments demonstrated that using the combined methods of static–dynamic
compaction helps increase the density of powder material. For small-height products, the
method of compacting the powder in a rigid die due to the treatment with electromagnetic
pulses is the most convenient. With step-type compaction, the quality of the obtained
product depends on many factors: the density of the prior filling of the powder into the
tube, the magnitude of the angle of the draw die, the plasticity of the material, and the
properties of the powder. With the simultaneous start of the tube drawing and the MPC
process, both operations (pulse-magnetic pressing at one end and pulling the tube through
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the draw die) are performed in a single setup and by one operation. As a result, productivity
increases, but total energy consumption decreases.

9. Movement and Conveying of Powder Materials by PEMF
Mironov et al. [68,79] demonstrated the possibility of using PEMF for moving and

transporting powder materials. Based on these studies, experimental devices were sub-
sequently developed that allow 1–2 kg of iron powder to be lifted to a height of up to
2 m in one pulse. One such installation is shown in Figure 17. The main advantage of
such a device is the possibility of the contactless movement of powder, including in a
vacuum. However, there are unsolved problems associated with the possibility of powder
stratification during transportation, and the need to improve the reliability and efficiency
of the equipment.
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In the research on the compaction of powder materials by pulsed electromagnetic
field [80], it is demonstrated that the efficiency of the process—determined by the mass
of the displaced powder, the height of its rise, and overall productivity—depends on nu-
merous process factors. These include the amplitude, duration, and shape of the electric
current waveform passing through the coil, as well as the properties of the powder material.
This limits the practical application of this method since each material’s movement requires
considering the effect of a combination of factors. It has been noted that the most efficient
movement and conveying is possible for ferromagnetic materials [80]. The mentioned limi-
tation should be considered when moving a mixture of powders from different materials,
since delamination is possible due to the difference in the electrical and magnetic properties
of the components.

To implement the pulsed movement of powder materials, irrespective of their magnetic
properties or electrical conductivity, a method involving the movement of powder on an
electrically conductive pallet may be suitable. When the pallet is impulsively accelerated
and subsequently decelerated upon striking a stopper, the powder continues its motion
due to inertia. A well-established method employs high-energy electromagnetic field
pulses to accelerate powder particles or mixtures. This process can be conducted in a
vacuum or a protective atmosphere using the appropriate equipment. To facilitate this
method, the authors propose a device comprising a vertically positioned pipe and a tray.
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The invention [81] is designed to accelerate and transport powders with low electrical
conductivity and low magnetic permeability.

This method is particularly useful for producing composite materials, such as forming
coatings on the surfaces of metallic and ceramic substrates. Studies [67,79] have demon-
strated that a single pulse can transport over 1 kg of iron powder to heights of 3 m or
more. In these experiments, iron powder ASC 110.29 mixed with 0.2% carbon was used as
the material.

10. Conclusions
Magnetic pulse processing (MPP) shares many characteristics with explosive and

electrohydraulic pressing, primarily due to their high loading rates. These dynamic powder
compaction processes typically occur within microseconds to milliseconds, allowing for
rapid and efficient material processing. The similarity in loading rates contributes to
comparable material behaviors and outcomes across these techniques.

Key schemes for utilizing MPP in powder metallurgy involve powder compaction
using pulsed electromagnetic fields within a conductive shell or via flat pressing techniques.
These methods leverage the intense magnetic fields generated by pulsed currents to com-
pact powder materials rapidly and efficiently. The conductive shell acts as a medium for
transmitting the electromagnetic force to the powder, while flat pressing techniques apply
the force directly to the powder surface.

Single-stage pressing in PEMF requires a significant increase in the operating voltage
of the pulsed generator to achieve high density, potentially affecting the stability of the coil.
The use of conductive shells introduces challenges related to their subsequent removal.
These factors necessitate a focus on processes where these limitations become less critical,
such as utilizing the shell as a material for impregnating the porous body after compaction.

MPC shows great potential in producing elongated parts by sequentially compacting
powder within a hermetically sealed conductive shell. Flat MPC techniques could be
effectively applied in combined processes, such as coupling with powder electro-sintering.
Currently, the most suitable industrial applications involve processing pre-sintered conduc-
tive metallic components using MPC to create permanent joints and calibrate parts.

The future of MPP in powder metallurgy heavily depends on the development of
compact, safe, reliable, and high-performance MPP equipment and tools. Significant
potential exists in developing MPC methods for transporting powdered materials, although
these processes remain largely experimental. Advancing research in these areas could lead
to broader adoption of MPP techniques in industrial settings and expand their applications
in materials science and engineering.

In conclusion, while magnetic pulse processing in powder metallurgy faces certain
challenges, it offers unique advantages and potential applications that warrant further
research and development. The key to broader adoption lies in addressing the limitations
of current techniques and developing more efficient and reliable equipment. As the field
progresses, MPP could become an increasingly valuable tool in the arsenal of powder
metallurgy processes, offering new possibilities for material processing and manufacturing.
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