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Abstract

The magnetic field in a magnetic pulse radial compaction process was analyzed in ANSY S/Multiphysical software to determine the
electromagnetic force distribution on the driver tube. The node electromagnetic forces were then imported into the structure field as
a boundary condition in ABAQUS/Explicit software. A modified Drucker-Prager Cap model was then established to reproduce the
compaction behavior of W-Cu20 powder by writing a VUSDFLD subroutine. The Cowper-Symonds constitutive model was used
to describe the deformation behavior of the driver tube, the pack tube, and the nylon terminal. Finally, the results predicted by
numerical simulation were verified by experiment. The velocity, pressure variation, final distribution of relative density, and relative
density uniformity during the magnetic pulse radial compaction process of W-Cu20 powder with a field shaper were predicted by
the model, and the effect of field shaper on the relative density was analyzed. The results validate the numerical simulation model of
magnetic pulse radial compaction. The magnetic pulse radial powder compaction with a field shaper can significantly increase the
compacted compound density with the condition that the inner diameter height of the field shaper is greater than the powder filling
height. Although the slit of the field shaper can cause an uneven density distribution after compaction, in the effective range of the

field shaper, the density unevenness is minor under the described conditions, less than 4.1%.

Keywords Magnetic pulse radial compaction - W-Cu20 powder - Modified Drucker-Prager Cap - Density distribution

1 Introduction

The magnetic pulse radial compaction (MPRC) process is a
dynamic compaction method in which the driver tube accel-
erates at a high speed and collides with the pack tube,
compacting the powder in the pack tube. In this process, the
spiral coil is directly discharged using a capacitor, then an
eddy current is induced on the driver tube, creating a mutually
repelling electromagnetic force between the coil and the driver
tube. Unlike traditional compaction methods, electromagnetic
pulse compaction is not limited by the strength of the pressing
equipment. Electromagnetic pulse compaction can produce
greater compacting pressures and increase the density of
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compacted material [1]. The method is especially well-suited
to compacting nanopowders that are difficult to form into
wires, tubes, and other shaft parts.

Numerical simulation of electromagnetic pulse compaction
has been the subject of a number of scholars, but that research
has concentrated largely on electromagnetic axial pulse com-
paction. A simulation model of 2D current induced electro-
magnetic field was postulated by Li [2] using the ANSYS/
Multiphysics module. Using results of the electromagnetic
field simulation as the boundary conditions, the Ti-6Al-4V
powder axial compaction model was formulated for the pow-
der module of MSC.MARC, using Shima yield criterion. The
effects of the discharge voltage, compaction temperature, and
friction coefficient on the average relative density and unifor-
mity of the compacted compound were analyzed. The defor-
mation speed determined by analysis of the compaction model
was designated as the boundary condition, then the micro-
scopic deformation mechanism of the powder particles was
analyzed using the Johnson-Cook constitutive model in
MSC.MARC.

Cui et al. [3] used the Shima model in the MSC Marc
software to model copper powder in 3D. They directly applied
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the displacement time measured by high-speed camera as the
boundary conditions, and analyzed the axial electromagnetic
pulse suppression in detail. This research resulted in determi-
nation of the rebound law after compaction.

Yan et al. [4] used the Johnson-Cook constitutive model in
the LS-DYNA software to dynamically analyze Ag-Cu-Sn
multi-component metal solder axial electromagnetic pulse
compaction. The powder was modeled during the compaction
using the discrete element method. The stress and strain dis-
tribution of the powder can be analyzed, but the density dis-
tribution cannot be obtained directly, and the initial distribu-
tion of the powder is difficult to model accurately.

Boltachev et al. [1, 5] utilized the granular dynamics meth-
od of electromagnetic radial pulse compression to establish a
3D numerical model of nanoceramic powder radial electro-
magnetic pulse compaction. They systematically analyzed
the relationship between compaction pressure and densifica-
tion rate and the effect of inertia on the compaction process.

In the numerical simulation of powder compaction, the
Drucker-Prager Cap constitutive model is widely used to de-
scribe the compaction behavior of powder. Mamalis et al. [6, 7]
was the earliest to experimentally use Drucker-Prager Cap in
LS-DYNA3D to model Y-Ba-Cu-O superconducting powders.
They simulated explosive compaction/cladding for fabricating
superconducting Y-Ba-Cu-O ceramic/metal compositing
grooved discs. The final dimensions of the compact, pressure,
temperature, and density distributions during the entire clad-
ding compaction process were predicted. The proposed model
was validated by subsequent experimental results.

Han et al. [8] proposed a modified Drucker-Prager Cap
constitutive model to quantitatively reproduce the compaction
behavior of pharmaceutical powders. The model was imple-
mented in ABAQUS by writing a user subroutine to determine
the stress and density distribution during compression, de-
compression, and ejection.

Zhou et al. [9] used the modified Drucker-Prager Cap con-
stitutive model in ABAQUS to analyze the residual stress
distribution of Distaloy AE powder after compaction. Hu
et al. [10] used the modified Drucker-Prager Cap constitutive
model to analyze the rolling of W-Cu20 powder in ABAQUS.
The density distribution obtained by numerical simulation was
consistent with the experimental result. Zhou et al. [11, 12]
defined the model parameters of the modified Drucker-Prager
Cap constitutive model for the Ag57.6-Cu22.4-Sn10-In10
mixed metal powder, then simulated the mold compaction in
ABAQUS. The pressure displacement curve is basically con-
sistent with the experimental result. On this basis, a powder
constitutive model considering friction factors was proposed
and the influence of friction stress on compaction density dis-
tribution was analyzed.

W-Cu20 alloy has a number of excellent mechanical and
electrical properties. These include high strength, high hard-
ness, low thermal expansion, and good electrical conductivity.
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The alloy is widely used in metallurgical machinery, electron-
ic information, aerospace, and other fields [10]. In this paper,
we describe a magnetic field model of the magnetic pulse
radial compaction (MPRC) of W-Cu20 powder with a field
shaper as established in ANSY S/Multiphysical software. The
objective was initially to determine the magnetic field strength
and distribution of the electromagnetic force. Then with the
electromagnetic force as the boundary condition, a structure
field model was created in ABAQUS/Explicit software to pre-
dict the velocity, pressure variation, final distribution of rela-
tive density, and relative density uniformity during the MPRC
process. Then the effect of field shaper on the relative density
was analyzed. In this structure field model, the modified
Drucker-Prager Cap constitutive model was used to reproduce
the behavior of W-Cu20 powder during the electromagnetic
pulse compression forming process.

2 Methods
2.1 Finite element model of magnetic field

Using dimensions of the tool for MPRC shown in Fig. 1, a 3D
geometric model of the electromagnetic field numerical sim-
ulation was entered into the 3D modeling software then
imported into ANSYS/Multiphysics. The air model was writ-
ten directly into ANSYS. The mold was meshed using the
solid97 element as shown in Fig. 2.

Inasmuch as the pack tube is completely shielded by the
driver tube and at a distance from the coil, it was ignored in the
magnetic field simulation. Only the electromagnetic force on
the driver tube is considered. In order to simulate an infinite
space with a finite model, a boundary condition of parallel
magnetic lines was applied to the outer boundary of the air
mesh. The current-carrying conductor was used to model the
coil, in which a voltage drop applied to one end of the coil is
zero. The current degree of freedom at the other end of the coil
is coupled, and the current load shown in Fig. 3 was applied.
The materials used for the coil, field shaper, and driver tube
are aviation aluminum alloy, chromium zirconium copper al-
loy, and A1050 aluminum alloy, respectively. The space-time
distribution of the electromagnetic force on the driver tube is
based on the electrical parameters of the materials, as shown in
Table 1.

2.2 Finite element model of structure field

The geometric model of the structure field was established in the
3D modeling software using the dimensions shown in Fig. 1,
then imported into the ABAQUS/Explicit software. The
C3D8R element was used to mesh the driver tube, pack tube,
powder, mandrel, and the fixed terminals, as shown in Fig. 4.
The coefficient of friction between the driver tube, the pack tube,
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Fig. 3 The curve of current through the coil varying over time

the powder, and the mandrel was determined to be 0.12, and the
coefficient of friction with the fixed terminals, 0.15. Fixed con-
straints were imposed on the outside end of the fixed terminals.
The mesh of the driver tube is identical to the mesh of the driver
tube in the magnetic field analysis. The nodal electromagnetic
force determined by the magnetic field analysis can be directly
applied to the structure field. The material compositions of the
driver tube, pack tube, mandrel, and fixed terminal are aluminum
alloy A1050, aluminum alloy A1050, stainless steel SUS304,
and nylon PAG6, respectively. MPRC is a high-speed forming
process so the Cowper-Symonds constitutive model (Eq. 1) is
used to assess the material strain rate effect. The mechanical
properties of component materials are shown in Table 2. The
true stress and true strain of the materials under quasi-static state
are shown in Fig. 5.

o= |1+ <Cim> 00s (1)

2.3 Modified Drucker-Prager Cap model

MPRC requires an accurate powder physical model and stip-
ulated material parameters for structure field analysis. A mod-
ified Drucker-Prager Cap model (DPC) used in this paper as

Table 1 Electrical parameters of materials

Material Relative permeability Resistivity (x 10~® ohm*m)
A7075 1.000022 5.22

CuCrZr 0.9999 2.17

A1050 1 2.78
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shown in Fig. 6 consists of three parts: (1) Linear shear failure
surface (also known as Drucker-Prager shear surface), to de-
scribe the stress limit of the material under shear. (2) Cap
surface defines the relationship between yield stress and hy-
drostatic stress and inhibits the volume expansion caused by
the material under shear. (3) The smooth transition surface, the
main function of which is to connect shear destruction surface
and Cap surface to facilitate convenient numerical calculation.

The main parameters of the modified DPC plastic model
are 3, d, R, «, pa, and pb. Except for «, the parameters are
functions of relative density. In this paper, a DPC model based
on relative density was established by writing the VUSDFLD
subroutine in the ABAQUS/Explicit software to reproduce the
W-Cu20 powder compaction behavior. Then the density and
stress distribution in the powder compaction process were
predicted. Among them, « is set to 0.2, and the relationship
between the remaining material parameters and relative den-
sity is shown in Figs. 7, 8, 9, 10, and 11 [10].

The elastic modulus of the powder is calculated and deter-
mined according to formula (2) [10].

E = EOpOAS (2)

E, is the elastic modulus of compact body, and p is the
relative density.

2.4 Experimental verification

The W-Cu20 powder used in the experiment was prepared by
mixing ultra-fine high-purity tungsten powder with copper
powder in a mass ratio of 4:1. Both materials were produced
by China Metallurgical Research Institute. The experimental
device is shown in Fig. 12, including an energy storage cab-
inet (including four sets of capacitors, C = 740 uf), a control
cabinet, and a workbench. The workbench is equipped with
radial compression coils and a field shaper. Established and
accepted research determined that low-frequency long pulses
are beneficial to powder compaction so multi-turn coils were
used in this experiment, as shown in Fig. 1. The nylon fixed
terminal, stainless steel mandrel, aluminum alloy pack tube,
and aluminum alloy driver tube were fabricated to the dimen-
sion requirements shown in Fig. 1. Before MPRC, the stain-
less steel mandrel and aluminum alloy pack tube were
installed on the nylon fixed terminal. The W-Cu20 powder
was loaded between the pack tube and the mandrel and vibra-
tion were employed to increase the initial packing density.
The driver tube and another fixed terminal were sealed
off tightly, then the weight was measured to calculate
the initial packing density. The assembled tool was
installed in the field shaper and the position adjusted to
ensure that the powder was contained within the full
height of the inner diameter of the field shaper. A 7 kV
discharge voltage was used for compaction. A Rogowski
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Fig. 4 Finite element model for structural field analysis

coil measured the current flowing through the coil. After
compaction, Imagel] software was used to measure the
diameter of the driver tube at several different points to
calculate the deformation displacement of the driver tube
and the density distribution of the W-Cu20 powder.

The appropriate calculation method [16] was used to deter-
mine compression density, assuming that the quality before
and after compression is unchanged,

then, m = Vop, = Pohﬁ(’”poz_"moz) =Vp
= Phﬁ[(rd*td)zfrmoz] (3)

where 7,,0—The initial outer diameter of the pack tube;
r,o—the initial outer diameter of the mandrel;

r4—the outer diameter of the driver tube after deformation;
t;—the thickness of driver tube;

po—initial relative density;

h—powder height;

p—the relative density after compaction.

From Eq. (3),

2., 2
P =po 0 T can be obtained. (4)

(Var—td)z—l’mo2

Figure 13 is a comparison of the relative density distribu-
tion of the outer powder layer based on numerical simulation
and that calculated by Eq. (4) using the outer diameter of the
driver tube after experimental compaction.

As shown in Fig. 13, the numerical simulation and the
calculated value of the experimental measurement are compa-
rable. The maximum displacement of the driver tube predicted
by the numerical simulation is slightly larger than the one
measured experimentally, ignoring the effect of deformation
on the magnetic field. Thus, the density predicted by the nu-
merical simulation is slightly greater than the actual density
determined by the experiment.

The relative density calculated by measuring the outer di-
ameter of the driver tube according to Eq. (4) in the experi-
ment is slightly greater than the actual relative density of the
powder surface layer. The reason for this difference is that Eq.
(4) ignores the mandrel deformation and the compression
plastic deformation caused when the driver tube collides with
the pack tube. Thus, the relative density predicted by numer-
ical simulation is actually closer to the relative density calcu-
lated by using measurements in the experiment. It therefore
can be argued that the multiphysics coupling model for MPRC
established in this paper is reliable and can accurately predict
the relative density distribution of powder after compaction.

3 Results and discussion
3.1 Magnetic field analysis

After the coil discharged for 38.32 us, the electromagnetic
force on the driver tube approached the maximum value.

Table 2 Material mechanical
performance parameters

Material Elastic modulus Poisson’s Density (kg/ Yield strength Cm P
(GPa) ratio m) (MPa)

A1050[13] 69 0.32 2700 247 6500 4

PA6[14] 8.3 0.28 1145 96 3190 2.59

SUS304[15] 195 0.247 7800 205 600 4.4
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Figure 14 indicates the electromagnetic force imposed at dif-
ferent radial thicknesses of the driver tube, changing with the
location in the z-axis direction at that instant.

The electromagnetic force reached its maximum on the side
nearest the field shaper (outside), and minimum on the side
most distant from the field shaper (inside). The inner diameter
height of the field shaper used is 10 mm. The electromagnetic
force on the outside of the driver tube within the working
range of the field shaper (between the two red lines) is clearly
greater than at other positions. The magnetic collecting effect
is therefore obvious. The electromagnetic force on the driver
tube gradually decreased at the two ends of the inner diameter
of the field shaper due to the end effect.

Figure 15 diagrams the electromagnetic force distribution
at different circumferential points on the driver tube when
subjected to a discharge for 38.32 us. The graphic shows that
the electromagnetic force on the driver tube near the slit is

Fig. 6 Schematic diagram of 1
Drucker-Prager Cap model [8]. p,
hydrostatic stress; g, equivalent
stress; /3, friction angle; d, cohe-
sion; R, eccentricity; «, shape pa-
rameters, which determine the
shape of the transition zone; pa,
evolution parameter, the value of
the intersection of the cap surface
and the transition surface; pb,
compression yield average stress,
control the size of the cap surface

Mises equivalent stress g (Mpa)

Shear failure, gs \

e B

Relative density
Fig. 7 The relationship between friction angle (3 and relative density

approximately 68 N, while the electromagnetic force at the
location perpendicular to the slit is roughly 83 N. This is
explained by the existence of small gaps in the junction of
the two field shaper segments, so the electromagnetic force
is slightly uneven in the circumferential distribution. This ex-
ample further illustrates the importance of using a 3D model
for analysis.

Figure 16 illustrates change of magnetic flux density over
time at different radii and center of the axis of the tool. At the
corresponding location of the inner diameter of the coil, the
large and small diameters of the field shaper, the magnetic flux
density changes over time and is basically synchronous with
the discharge current, which first increases then decreases in
the half cycle.

The frequency of the increase and attenuation of the mag-
netic flux density at the outer diameter of the driver tube is
greater than that at other positions. Note that the field shaper
increased the magnetic flux density by approximately 1.5.
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Distribution of the magnetic flux density in the center plane
prior to reaching 69.4 us gradually increased, rising from the
location of the inner diameter of the coil to the outer diameter
of'the field shaper to the inner diameter of the field shaper and
then to the outer diameter of the driver tube. The flux density
increase at the outer diameter of the driver tube was signifi-
cantly greater than that effecting the other positions.

It should be noted that the magnetic flux density at the outer
diameter of the driver tube decays more rapidly than at other
positions. Each measurement at points along the outer diam-
eter of the driver tube is less than its corresponding location at
other positions.

Figure 17 shows that magnetic flux density on different
radial thicknesses and center of the axis of the driver tube
varies over time. The magnetic flux density of the driver tube
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Fig. 9 The relationship between eccentricity R and relative density
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Fig. 10 The relationship between evolution parameter Pa and relative
density

gradually decreased from outside to inside within the wall
thickness range. Due to inconsistent frequency, after the
elapsed discharge time reached 75 ps, flux density gradually
increased from the outside to the inside.

3.2 Structural field analysis
(1) Density distribution

Figure 18 graphically illustrates the relative density distri-
bution of the tubular compound at different times. The relative
density of the compound during the MPRC process was grad-
ually compacted from outside to inside, with the result that
maximum density occurred at the outer layer. Due to the end
effect of the field shaper and the friction effect at the fixed end,
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T T T

T
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 11 The relationship between average hydrostatic stress Pb and
relative density
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Fig. 12 Experimental equipment

powder in the axial direction was gradually compacted from
the center to the two ends, with the greater density concentrat-
ed in the middle section. Figure 19 records the final density
distribution of the tubular compound in Fig. 18, with three
paths subjected to detailed analysis. The red solid line

0.88
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0.80 [
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0.72 |

Relative density
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Location (mm)

Fig. 13 Comparison of the relative density calculated from the outer
diameter of the experiment driver tube and that obtained from the

simulation
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Fig. 14 Electromagnetic force distribution at different z-axis positions on
the driving tube after discharge for 38.32 us (negative value indicates
radial compression)

represents the relative density distribution after compaction
at different points in the axial direction. The blue dash line
represents the relative density distribution in different thick-
nesses of the end. The green dotted line indicates the relative
density distribution of different thicknesses in the center. The
final density distribution is arc shaped and the density of the
tubular compound is increasingly dense and uniform in the
range of about 5 mm to the left and right of the midplane. It
is submitted that the height of the inner diameter of the field
shaper should be greater than the powder filling height or,
alternatively, a progressive compaction process should be
adopted in order to obtain a uniform, high-density tubular
compound. The density distribution in thickness after
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Fig. 15 Electromagnetic force distribution at different circumferential
positions on the driver tube when subjected to a discharge of 38.32 us
(negative value indicates radial compression)
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compaction is greatest nearest the mandrel. Clearly, the man-
drel has the effect of improving the density of the powder.
Figure 20 graphs the distribution of relative density along
the circumference of the center section of the blank after com-
paction. The red dotted line represents the relative density
distribution of the inner diameter of the tubular compound.
The relative density along the inner diameter is evenly distrib-
uted. The average relative density is 83.2% with a standard
deviation of 0.37%. The black solid line charts the relative
density distribution of the outer diameter of the tubular com-
pound, characterized by substantial fluctuation in the relative
density distribution. The average relative density is 81.7% and
the standard deviation is 1.26%. These results are explained
by the use of the field shaper for radial compression forming.
Two small gaps in the junction of the two field shaper
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C=740pf

Magnetic flux density / B, (T)

-10 4
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Fig. 17 Magnetic flux density at different driver tube thickness points
varying over time

segments caused magnetic flux leakage and a reduction in
the electromagnetic force during the forming process. As a
result, relative density after compaction was less (correspond-
ing to 0.5 7rand 1.5 7t location in the figure) and fluctuation in
the relative density distribution occurred at the outer diameter,
but less than 4.1%. It can be obtained that the relative density
difference between the inner and outer diameters is greatest at
the two gaps (corresponding to 0.5 7t and 1.5 7t location in the
figure). It can be concluded that the center section of the tu-
bular compound is basically uniform viewed from either the
circumferential or the radial direction.

(2) Impact velocity

Figure 21 graphically displays the deformation speed of the
driver tube, the pack tube, and the outer and inner surfaces of
the tubular compound over time during the compaction process.
The black solid line represents the deformation speed of the
driver tube. The plot shows that after discharge, the driver tube
accelerated for 13 ps, at which point the speed reached 219.81
m/s, where it collided with the pack tube (red dash) and began
to decelerate. The tube then began to accelerate, reaching a
speed of 113.92 m/s. The outer diameter of the powder then
contacted the pack tube and accelerated to 185.96 m/s. The
driver tube and pack tube were driven together to compact the
powder by inertia. From prior analysis (Fig. 17), it could be
obtain that the electromagnetic force on the driver tube at 75
us gradually decreased from outside to inside, then gradually
increased. At that point, the deformation speed of the driver
tube began to oscillate, but the oscillation had no effect on the
deformation speed of the tubular compound.

(3) Shock pressure

Figure 22 graphs impact pressure varying over time when
the center position in the z-axis of the driver tube collided with
the pack tube.

Peak pressure, as shown, is close to 3 GPa at impact. In
combination with the data in Fig. 18, it can be determined
that the preponderance of the compaction result was
achieved at 1.5 GPa. The data argue persuasively that
electromagnetic radial pulse compaction using a coil with
a field shaper increases the magnetic flux density substan-
tially, generating a greater compaction pressure and den-
sity of the tubular compound without damage to the
equipment.

4 Conclusions

A modified Drucker-Prager Cap model was developed to de-
scribe the powder compaction process by writing a
VUSDFLD subroutine in the ABAQUS software. The
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electromagnetic force was calculated in ANSYS/ variation, final distribution of relative density, and relative
Multiphysical, and applied as the boundary condition of the  density uniformity during MPRC of W-Cu20 powder with a
structure field to simulate in ABAQUS/Explicit. A 3D  field shaper were predicted by the model and the effect of field
multiphysics numerical simulation model of MPRC of W- shaper on the relative density was analyzed. The conclusions
Cu20 powder was accomplished. Then the velocity, pressure  are as follows:
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Fig. 20 Distribution of the relative density of the tubular compound in the
Fig. 19 Relative density distribution along three different paths circumferential direction
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Fig. 21 Deformation speed of the driver tube, pack tube, outer surface,
and inner surface of powder during compaction process over time

(1) When compared with the experimental data, the 3D
multiphysics numerical simulation model of MPRC in
this paper is proven to be valid and can be used to reli-
ably predict the stress and density distribution after
MPRC.

(2) Using a field shaper in electromagnetic pulse radial pow-
der compaction results in concentration of the magnetic
effect, significantly increasing the compact force while
increasing the density. The height of the inner diameter
of the field shaper should be greater than the powder
filling height.

(3) When the field shaper was used to enhance electromag-
netic pulse radial powder compaction, slits on the field
shaper caused uneven distribution of the electromagnetic
force on the circumference of the driver tube, resulting in

0.0

-0.5+

Pressure

-1.0 4

154

Pressure(GPa)

-2.0 4

-2.5 1

-3.0 4

T
0 20 40 60 80 100 120
Time(us)

Fig. 22 Impact pressure over time when the center position in z-axis of
the driver tube impacts the pack tube

uneven density distribution of the compacted body.
Unevenness within the effective range of the field shaper
is small, however, not exceeding 4.1%.

(4) Electromagnetic pulse radial powder compacting process
used to compact W-Cu20 tubular compound, with dis-
charge voltage 7 kV, maximum compaction pressure
reached 3 GPa with a maximum compaction speed of
approximately 114 m/s. Relative density after compac-
tion was 83.2%.
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