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This article presents numerical studies on the deformation of particles during dynamic compaction
of metal powders. The analysis of the process is based on a micromechanics approach using
multiple particle configurations. The material considered is elastoviscoplastic with interparticle
friction. Two-dimensional studies on particles in close packed arrangement were carried out using
plane strain conditions for deformation and thermal response. The finite element method using an
explicit dynamic analysis procedure was used for the simulations. The influence of speed of
compaction, strain hardening, strain rate dependency, interparticle friction and size of the powder
particles on the final shape and temperature variations within the particles were analyzed. The
studies offer useful information on the shape and temperature variations within the particles. The
results provide a better understanding of the dynamic compaction process at the micromechanics
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level. © 1999 American Institute of Physics. [S0021-8979(99)02502-5]

I. INTRODUCTION

Dynamic compaction of metal powders has gained in
importance in recent years with the need to improve the
properties of compacts obtained through the powder metal-
lurgy route. The technique is attractive as it provides near-
net-shaped components with higher green strength, more
uniform green density distribution, lower ejection loads, and
improved dimensional accuracy.!” Dynamic compaction is
effected by passing through the powder an intense shock
wave generated by detonating an explosive surrounding the
powder, or by the impact of a high velocity projectile. These
short duration, large amplitude stress waves propagating
through the material cause compaction and bonding of the
powder particles. Stress wave interactions with the powder
particles are difficult to understand, especially while describ-
ing the deformation behavior of the particles from the micro-
mechanics level. Under dynamic compaction, the behavior is
largely rate dependent and the inertial loads, which depend
on the intensity of the stress wave, must be considered. This
article attempts to study the densification behavior of the
particles during dynamic compaction at the micromechanics
level using a finite element method.

Gourdin® provides a detailed review and assessment of
both experimental and analytical techniques on dynamic
compaction of metal powders. The initial density, stress in-
tensity, stress duration, release waves, dynamic plastic be-
havior, and the thermal properties of the material affect the
final properties of the compact.® It is well recognized that the
densification of the metal powder is caused by the plastic
deformation of the metal powder particles. This plastic de-
formation causes intense dissipation of plastic work, which is
converted to heat. The temperature rise due to this plastic
work can even cause localized melting.” The increase in the

4 Author to whom all the correspondence should be addressed; electronic
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green strength of the dynamically compacted specimen is
due to the higher temperature and contact pressures that de-
velop during the process.®

There have been very interesting experimental and nu-
merical observations of the dynamic compaction process.”
The change in the morphology of the powder particles from
near hexagonal to a concave shape has been observed in a
number of studies.”!° Though the kinematics of the material
compaction was explored to a certain extent by Gourdin,!!
numerical studies using Eulerian finite difference code has
thrown more light on the formation of such shapes.
Williamson'? used this technique elegantly to bring out cer-
tain important factors, such as the temperature distribution
and nonuniform energy dissipation, the effects of simple
variation in the initial particle geometry and the mechanics
of the consolidation of bimodal particle distribution. He used
an elastic perfectly plastic material law and considered the
geometry comprising a few particles. Interparticle friction
and strain hardening were not used in these models, nor was
the formation of the particle shape investigated in detail.

In the current work, a particle level finite element analy-
sis of the process was done using a commercial explicit code
ABAQUS. A rate dependent model (elastoviscoplastic) depicts
the behavior of the powder particle, and interparticle friction
was also taken into consideration. The temperature rise was
calculated by considering the process as adiabatic. This work
clearly brings out the mechanics of compaction and the ef-
fect of process and material parameters.

Il. MODEL AND ANALYSIS PROCEDURE

The usual dynamic compaction process involves closed
die compaction by pressing the metal powder inside the die
cavity at higher compaction rates. Basically, there are two
approaches for simulation of the process. The first method
treats the powder based on the principles of continuum me-
chanics and studies the mechanism as a whole, while the
second studies the process at the micromechanics level. The

© 1999 American Institute of Physics
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FIG. 1. Finite element model with top, bottom, and side plates.

current work involves numerical simulation in which a few
powder particles and voids around them are explicitly mod-
eled. A closely packed arrangement of steel particles of 100
pm size was considered for the analysis. Figure 1 shows the
initial configuration and the finite element discretization of
the model used. The model consists of seven particles ar-
ranged in close contact with one another and comprises 2880
quadrilateral elements with 3195 nodes. Each particle con-
sists of 480 elements and 529 nodes. The top plate, the base
plate, and the side walls were modeled as rigid bodies with
contact conditions specified at all interface regions. The
simulations were performed as two dimensional plane strain
analysis. Inspite of the limitations of two-dimensional analy-
sis, the model is capable of predicting many important as-
pects of the compaction process. Due to the short time period
of the process, adiabatic heat transfer analysis was performed
thereby neglecting conductive and radiative heat transfer.'?

The material considered was elastoviscoplastic with
Young’s modulus=200 GPa, initial yield strength
=215 MPa, Poisson’s ratio=0.3, specific
heat=0.42%10* J/kg K. During dynamic loading conditions,
the inelastic behavior of the material exhibits rate depen-
dence and the flow stress increases, hence a viscoplastic
model is essential for the analysis. The strain rate depen-
dency was incorporated in the analysis using the overstress
power law expressed as

o n
DPl=gi——1; for 5= 1
,8[ o) ] or 5=0,, (1)
where DP! is the plastic part of the strain rate tensor, & the
yield strength at nonzero plastic strain, and o, the initial
yield strength. B and n are the material properties. The yield
strength & depends on the strain hardening property of the
material. It is obtained using the tangent modulus value,
which defines the strain hardening behavior of the material.
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TABLE 1. Process and material parameters used for numerical simulations.

Compaction speed m/s 300, 500, 1000
Interparticle friction coefficient 0.01, 0.1, 0.2, 0.3
Viscosity parameter S/s 10, 40, 1000, 2000
Over stress power law index n 4,5

Strain hardening E; kN/mm? 0.0, 0.2

Particle size in microns 50, 100, 200

The shear stress transfer across the particle interfaces
was provided through frictional contact and incorporated in
the analysis using the Coulomb friction model. This is based
on the principle that two contacting surfaces can carry shear
stresses up to a certain magnitude across their interface be-
fore slipping relative to each other. The model assumes that
no relative motion occurs if the equivalent frictional stress is
less than the critical stress, which is expressed as 7.
= up, where p is the contact pressure and w the coefficient
of friction. The critical shear stress determines whether a
contact point is in slipping or sticking condition.

The top punch was displaced downwards in a short du-
ration of time thereby simulating the dynamic loading pro-
cess. The analysis was performed at different compaction
speeds and material properties. The various process and ma-
terial parameters considered for the analysis are shown in
Table 1. The influence of speed of compaction, strain hard-
ening, strain rate dependency, interparticle friction, and size
of the powder particles on the final shape and temperature
variations within the particles were analyzed.

The simulations were performed as a nonlinear explicit
dynamic analysis procedure including adiabatic analysis us-
ing the general-purpose finite element package ABAQUS/
EXPLICIT. The method of explicit analysis is computationally
efficient and used a large deformation theory which allows
the model to undergo large displacements and rotations.'>!#
The explicit dynamic analysis procedure is based upon the
implementation of an explicit integration rule using a diago-
nal lumped mass matrix. The explicit central difference op-
erator satisfies the dynamic equilibrium equations at the be-
ginning of the increment, the accelerations, calculated at
time ¢ using mass matrix and the residual. This is used to
calculate the velocity at time £+ A#/2 and the displacement at
t+At. The number of operations involved is equal to the
number of equations because the lumped mass matrix is di-
agonal and the equations are uncoupled. The equilibrium
equations of motion of a material point in an explicit scheme
can be expressed as

ﬁ(i):M—l(F(i)_I(i))’ (2)
where M is the diagonal lumped mass matrix, F is the ap-
plied load vector, and I the internal force vector. The follow-
ing relations are used for the calculation of velocity and dis-
placement

l-l(i+ I/Z)Zﬂ(i—1/2)+ [(At(i+ l)+ At(i))/z]ﬁ(i) (3)

u(i+l):u(i)+At(i+l)l~l(i+1/2)’ 4)
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where u is the displacement, u the velocity, and i the accel-
eration. The superscript ‘i’ refers to increment number, (i
—1/2) and (i + 1/2) refer to the mid increment values.

Once the displacement field is obtained, the strain and
stress fields can be easily calculated. The central difference
operator is explicit in that the kinematic state may be ad-
vanced using the known value of U~ " and ii‘” from the
previous increment. The analysis may take an extremely
large number of increments, but each increment is relatively
inexpensive and results in an economical solution. The ex-
plicit analysis is ideally suited for the simulation of high
speed events such as dynamic compaction process.

lll. RESULTS AND DISCUSSION
A. Speed of compaction

When a material is stressed with a suddenly applied
load, the progress of the stress in the material is in the form
of stress waves. Its velocity is a characteristic of the material
and the amplitude depends on the intensity of the load ap-
plied. This type of loading has been simulated by displacing
the top plate downwards through a distance of 30, 40, and 50
um in time periods of 100, 80, and 50 ns, corresponding to
compaction speeds of 300, 500, and 1000 m/s, respectively.
For each compaction speed, the displacement and time for
displacement of the top plate are such that the stress waves
during compaction reach beyond the middle portion of the
lower layer of particles and the simulation stops before the
stress waves reach the bottom plate and are reflected back.

The material considered was elastic perfectly viscoplas-
tic with rate dependency parameters S=40 and n=4. The
interparticle friction coefficient was considered as 0.01.
Studies were concentrated on the deformation behavior of
the center particle of the model whose deformation is af-
fected only by contact pressures developed through the sur-
rounding particles. It is well established that during quasi-
static compaction, deformation occurs by the development of
plastic strains from the interparticle contact locations and
spreads towards the interior of the particles forming a hex-
agonal shaped configuration.'>!® But, as can be seen from
this work, during dynamic compaction, the plastic strains
develop from the loading end and spread through each layer
of particles in the direction of the stress wave propagation.
The intensity and the speed of the propagating stress wave
which, in turn, depend on the compaction speed, influence
the deformation of the particles. The final configuration of
the particles obtained by dynamic compaction at speeds of
300, 500, and 1000 m/s are shown in Fig. 2. At compaction
speeds of 300 m/s, the particle shape is near hexagonal as in
case of quasistatic compaction. But at a compaction speed of
1000 m/s, the particle shape is convex on the upstream side
of the shock propagation direction and concave on the down-
stream side.

The curved shape can be explained by observing the
material velocity variations and the corresponding plastic
strain developments within the particles at different stages
during dynamic compaction. As the stress wave propagates
downwards, the material attains higher velocities and plasti-
cally deforms. The presence of voids causes different mate-
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FIG. 2. Particle configuration attained at different speeds of compaction. (a)
300, (b) 500, and (c) 1000 m/s.

rial speeds within the particle. The velocity distributions
within the center particle and the bottom two particles of the
initial configuration were analyzed to understand the kine-
matics of the shape formation. The magnitude and direction
of the material velocities at different stages during compac-
tion at speed of 1000 m/s are shown in Fig. 3. It can be
observed from Figs. 3(a)-3(c) that as the stress wave propa-
gates downward, the deformation starts from this region. On
reaching the surface of the particles near the voids, the stress
waves lead to an increase in the material speed, as the voids
offer less resistance to the flow of material in that region.
Figure 3(d) shows that at the point where the stress wave
propagates to the next layer of particles, the material veloci-
ties at the lower sides of the top particle are very high com-
pared to the material speeds within the top layer of the lower
particles. This causes the lower layer particles to behave to a
certain extent like a rigid body. Hence, the top particle de-
forms on to the top of the lower particles and takes the con-
cave shape. As the stress propagates further down [Fig. 3(e)],
the interstitial voids are filled up by material extrusion and
the peak is formed as observed in the microstructure inves-
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FIG. 3. Material velocities at different stages during compaction at speed of 1000 m/s. (a) Time, r=20 ns, max. velocity, v =347 m/s, (b) t=30ns, v
=1316 m/s, (c) t=35ns, v=1294 m/s, (d) t=40ns, v=2169 m/s, (e) t=45ns, v=2214 m/s, and (f) =50 ns, v =3665 m/s.

tigations reported earlier.!! At later stages [Fig. 3(f)], the
particles move downward as a whole and the shape formed
remains unaltered.

The above phenomenon can also be observed clearly by
examining the development of plastic deformation. The ma-
terial velocities occurring in the particles due to the stress
waves cause plastic deformation. Figure 4 shows the equiva-
lent plastic strain development at different stages at a com-
paction speed of 1000 m/s. Plastic strains develop from the
top and spread downwards in the direction of the stress
propagation. Figures 4(a)-4(c) show the spread of plastic
strains during the initial stages of compaction. Figure 4(d)
shows the stage where the lower particles have attained only
very low plastic strains when compared to the strains in the
top particle. This causes the top particle to deform plastically
on top of the lower particles [Fig. 4(e)]. Further, the top
particle plastically deforms and fills the interstitial voids,
thereby forming a sharp peaked structure on the lower part of
the particles. The plastic strain development pattern corre-
lates well with the velocity distributions described earlier.

On the other hand, when the compaction speeds are
lower, strains develop at the interparticle contact region as in
the quasistatic process. At a compaction speed of 300 m/s,
due to the propagation of the stress wave from the region of
loading, the plastic strains spread downwards. Strains at the
interparticle contact regions also increase simultaneously, as
in the case of quasistatic compaction but at a lower magni-
tude. Figure 5 shows the equivalent plastic strain develop-
ment at various stages during dynamic compaction at 300
m/s. Figure 5(a) shows the spread of plastic strains down-
wards from the top and Fig. 5(b) shows further spread of
plastic strains and the subsequent development of strains at
the interparticle contact regions. Figures 5(c) and 5(d) show
the spread of plastic strains further downwards and the si-
multaneous increase of strain at the interparticle contact re-
gion thereby increasing the particle contact lengths. Figure
5(e) shows the instant at which the strains spread to the next
layer of particles and when the interparticle contact length-
ens. The further spread of the plastic strain is shown in Fig.
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5(f). This explains the formation of hexagonal shape of the
particles at lower speeds of compaction.

The strain rate dependency of the material has been in-
corporated in the analysis by using the overstress power law
as expressed in Eq. (1). The effect of rate dependency on the
particle shape formation was studied by varying the rate de-
pendency material parameters ‘8’ and ‘‘n’’. Figure 6 shows
the final configuration at compaction speed of 500 m/s with
B=40 and n=>5. It may be observed that the particles have
acquired a concave shape. The shape of the particles at iden-
tical conditions and with n=4 is seen to be hexagonal [Fig.
2(b)]. Hence, it can be inferred that with an increase in the
value of n, the rate dependency of the material reduces and
the particles change from hexagonal to curved shape. The
effect of viscosity parameter 8 on the particle shape was
further analyzed by varying the value at 10, 1000, and 2000,
with n=4 at compaction speed of 500 m/s. The final con-
figurations obtained are shown in Fig. 7. At 8= 10, the shape
is hexagonal but with higher values of 1000 and 2000, the
material becomes less rate dependent and the particle shape
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FIG. 4. Equivalent plastic strain development at different stages during compaction at speed of 1000 m/s. (a) 20, (b) 30, (c) 35, (d) 40, (e) 45, and (f) 50 ns.

changes to concave. These results bring out the effect of rate
dependency of the material on the final shape of the particles
during dynamic compaction.

B. Temperature variations

The passing of stress waves through the powder particles
generates intense plastic deformation, mainly at the periph-
ery of the particles. The combination of this plastic deforma-
tion and friction between particle raises the temperature as a
consequence of adiabatic heating. This raises the preferential
heating of the particle surfaces to high temperature, which
can even lead to localized melting. However, the adiabati-
cally heated material cools rapidly due to the heat flow to-
wards the core of the particle, which is at relatively lower
temperature level. The compaction speeds and material prop-
erties of the powder influence the magnitude and the location
of these high temperature regions. Figure 8 shows the tem-
perature variations within the center particle of the model at
different speeds of compaction. Higher temperatures have
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FIG. 5. Equivalent plastic strain development at different stages during compaction at speed of 300 m/s. (a) 40, (b) 60, (c) 70, (d) 80, (e) 90, and (f) 100 ns.

been observed on the particle surface near the void regions in
the initial configuration. This can be attributed to the higher
velocities and contact pressures at these locations and, hence,
the surface temperature rises with the increase in compaction
speed. The temperature variations on the surface of the par-
ticle near the void region, where it was maximum, observed
during compaction at various speeds are shown in Fig. 9. At
higher compaction speeds, it was observed that the surface
temperature increases high enough to cause localized melting
and, hence, form strong interparticle bonds. Figure 10 shows
the temperature variations at the interior of the particle dur-
ing compaction at different speeds. The interior attains rela-
tively low temperature compared to the surface.

The effect of rate dependency of the material on the
temperature variations within the particles was also studied.
The temperature variations within the center particle at a
compaction speed of 500 m/s with rate dependency param-
eters S=40 and n=35 were analyzed. As discussed earlier,
increasing the value of n reduces the rate dependency of the
material and hence the temperature can be expected to be
lower. Compared with identical conditions and n=4 [Fig.
8(b)], it was observed that the maximum surface temperature
within the particle drops from 2850 to 2300 K and the inte-

rior temperature from 1100 to 711 K. The effect of parameter
[ on the temperature variation within the particle at a com-
paction speed of 500 m/s was further analyzed. The increase
in B value reduces the rate dependency of the material, and
the temperature attained also drops. With 8=10, 1000, and
2000, the maximum surface temperature attained is 4860,
2120, and 1860 K, respectively, and the interior temperature
1580, 700, and 593 K.

N |

FIG. 6. Particle configuration at compaction speed of 500 m/s with rate
dependency parameters S=40 and n=>5.
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FIG. 7. Particle configuration at compaction speed of 500 m/s with rate
dependency parameters n=4, and (a) =10, (b) B=1000, and (c) B
=2000.

C. Interparticle friction

The friction between particles is controlled greatly by
the irregularities and the texture of the particle surface. Un-
der dynamic conditions, interparticle friction increases due to
the particles shearing past one another at high speeds in con-
trast to the quasistatic loading conditions.!” Numerical stud-
ies were performed using the original model with friction
coefficients of 0.01, 0.1, 0.2, and 0.3. The temperature profile
obtained within the center particle for different friction val-
ues were observed to be similar except for magnitude at the
higher temperature locations. Figure 11 shows the tempera-
ture variations at the maximum temperature region on the
surface of the particles at a compaction speed of 500 m/s for
different friction coefficients. Temperature increases on the
surface of the particle have been observed for higher friction
values. At a friction value of 0.01, the surface temperature
reached 1604 K, whereas for a friction value of 0.3, the
temperature rises to 2730 K.
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FIG. 8. Temperature contours within the center particle at different speeds
of compaction (a) 300, (b) 500, and (c) 1000 m/s.

D. Effect of strain hardening

The powder particle behavior following dynamic loading
may also depend on the strain hardening properties of the
material. To understand this effect, the material was consid-
ered elastoviscoplastic with strain hardening. A tangent
modulus E; of 0.2 kN/mm? was introduced to the original
model and studies were performed at compaction speeds of
300, 500, and 1000 m/s. The final shape of the particles and
temperature variations obtained were analyzed. At a speed of
300 m/s, the shape is hexagonal and at 1000 m/s the shape
changes to concave. The results reveal that the final configu-
ration remains approximately the same as without strain
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FIG. 9. Temperature variations at the maximum temperature region on the
surface of the particle during compaction at speeds of 300, 500, and 1000
m/s.

hardening, and the particle temperature profiles are also iden-
tical though the magnitude of the surface temperature is ob-
served to be higher. At 300 m/s, the maximum temperature
attained was 3760 K but at compaction speed of 1000 m/s, it
reached as high as 9000 K. From the results, it can be con-
cluded that the strain hardening properties of the material do
not alter the shape of the particle but increases the surface
temperature of the particles at different speeds of compac-
tion.

E. Effect of particle size

Studies were further extended to analyze the effect of
variations in the particle size. Finite element models were
created with similar configuration as in the initial case with
particle sizes of 50 and 200 um. Numerical experiments
were performed on these models considering the material as
elastic perfectly viscoplastic at compaction speed of 500 m/s.
It was observed from the results that the final configuration
of the particles remains almost identical for different particle
sizes of 50, 100, and 200 wm. Plastic strains were observed

2400

== 7000 m/s
reseo 500 m/s
wrren 300 m/s

2000 1

1600

1200+

800+

TEMPERATURE (K)

400+

% 20 40 60 80 100

TIME (ns)

FIG. 10. Temperature variations at interior of the particle during compac-
tion at speeds of 300, 500, and 1000 m/s.
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FIG. 11. Temperature variations at the maximum temperature region on the
surface of the particle during compaction at speed of 500 m/s for different
interparticle friction values.

to increase as the size of the particle reduced and the surface
temperature rose correspondingly. With a particle size of 50
um, the peak temperature attained at the surface was 3770 K
whereas with 200 um size particle, the maximum surface
temperature attained was 2240 K.

IV. CONCLUSIONS

Dynamic compaction process has been simulated and
discussed based on particle level studies. A variety of nu-
merical experiments has been conducted to provide an in-
sight into the behavior of the particles under such loading
conditions. The deformation pattern and temperature varia-
tions within the particle at different process and material pa-
rameters have been analyzed. At higher speeds of compac-
tion, the particles attain a convex shape at the top portion and
concave shape with sharp peaks at the lower part. The kine-
matics of the formation of this particular shape has been
explained by the increase in material velocities near the void
regions as the deformations take place. Localized high tem-
perature regions are observed on the particle surfaces, which
depend on such parameters as compaction speed, interpar-
ticle friction, rate dependency, strain hardening, and size of
the particles. The temperature increase is of primary impor-
tance as it causes interparticle welding and provides better
strength for the dynamically compacted parts.
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