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Abstract: The powder compaction simulations were performed to demonstrate deformation behavior of particles and estimate the 
effect of different punch speeds and particle diameters on the relative density of powder by a multi-particle finite element 
model(MPFEM). Individual particle discretized with a finite element mesh allows for a full description of the contact mechanics. In 
order to verify the reliability of compaction simulation by MPFEM, the compaction tests of porous aluminum with average particle 
size of 20 μm and 3 μm were performed at different ram speeds of 5, 15, 30 and 60 mm/min by MTS servo-hydraulic tester. The 
results show that the slow ram speed is of great advantage for powder densification in low compaction force due to sufficient particle 
rearrangement and compaction force increases with decrease in average particle size of aluminum. 
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1 Introduction 
 

Conventional powder metallurgy is generally 
composed of compaction, where powders are 
compressed into desired shape at room temperature, and 
sintering, where compacted powder is consolidated to 
full density by the bonding between particles at high 
temperature. During sintering many residual pores in 
compacted powders lead to the shrinkage, warpage and 
inhomogeneous density distribution of the final powder 
products, followed by a low mechanical strength. Thus, 
to obtain the high quality of powder products, it is 
required to minimize the residual pores and to make the 
density distribution of powder compacts uniform[1−2]. 

Many experimental and theoretical studies based on 
continuum mechanics have been carried out to probe the 
densification behavior of powder compacts. But these 
continuum mechanics are difficult to investigate the 
individual particle behavior, interaction between particles 
and the effect of different particle diameter. To improve 
the observation of the physical phenomena during 
compaction at the particle level, the discrete element 
method(DEM) was used by CUNDALL and STRACK 
[3], and CAMBOU[4], where particle was regarded as a 
rigid body. Recently, particle which is mapped by a finite 
element mesh was a deformable body including 

mechanical properties[5]. However, rotational stiffness 
of particle and interaction between the contact points 
were occasionally ignored in typical DEM[6−7]. 
Moreover, DEM was limited to powder compacts with 
low relative densities[8]. 

Multi-particle finite element model(MPFEM) with 
full finite element discretization of the particles was 
developed by PROCOPIO and ZAVALIANGOS[9] for 
alternative DEM. They researched a multi-particle 
compaction problem with different shapes of particle and 
mechanical properties. The finite element discretization 
of individual particle in MPFEM gives discrete behavior 
of particle assembly for compaction of powder with high 
relative densities, including their large contact 
deformation. 

In the present work, the effects of different punch 
speeds and average particle sizes on deformation 
behavior and densification of Al particles were 
investigated during compaction by MPFEM. Analytical 
results were inspected by compaction tests of aluminum 
powder with average particle sizes of 20 and 3 μm. 
 
2 Conditions of finite element analysis and 

experiment 
 
2.1 Conditions of MPFEM analysis 

Fig.1(a) shows the representative finite element 
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Fig.1 FE Models of compaction processes for two particle sizes 
using MPFEM: (a) Initial mesh of particle; (b) Particle 
arrangements and FE models 
 
mesh of particle used in MPFEM and analysis model for 
aluminum powder compaction with particle diameter of 
1.0 and 0.5 mm. Analysis was performed on the plain 
strain condition for its convenience. The ratio of the total 
particle area(Atp) to the container area (Ac=85 mm2) is 
0.508 for particle diameter of 1.0 mm and 0.510 for 
particle diameter of 0.5 mm to give the periodic 
arrangement of particles for each particle size, as shown 
in Fig.1(b). Therefore, the number of particle is 56 for 
1.0 mm and 221 for 0.5 mm, and the regular interval 
between particles is 0.2 mm for 1.0 mm and 0.1 mm for 
0.5 mm, respectively. 

The dimension of container was 5 mm in diameter 
and 17 mm in height. The friction coefficient between 
particles or between particle and container wall is 0.192 
in all cases. The material used in the MPFEM was    
Al 1100 and the mechanical properties are shown in 

Table 1. The compaction simulations by MPFEM were 
performed for different punch speeds of 5, 15, 30 and 60 
mm/min and two particle diameters using ABAQUS 6.3 
Explicit which is commercial finite element program. 
Single action pressing method was used in the 
compaction simulation. 
 
Table 1 Mechanical properties of Al 1100 

Elastic 
modulus, 

E/GPa 

Stiffness 
coefficient, 

K/MPa 

Strain 
hardening 

exponent, n 

Poisson’s ratio, 
ν 

69 109.219 0.166 8 0.33 

 
2.2 Conditions of experiment 

Fig.2 shows the configurations of compaction die 
(AISI D2) used in the compaction test where the powder 
material is Al 1100. The mass of each powder compact 
was 0.45 g and cylindrical powder compacts were 
fabricated to height of 10 mm and diameter of 5.0 mm. 
Compaction tests were performed by universal testing 
machine(MTS) with punch speeds of 5, 15, 30 and 60 
mm/min, like FE-simulations. Fig.3 shows SEM images 
of aluminum powder with average particle size of 20 and 
3 μm used in this study. After compaction test, the 
relative density of porous samples was measured using 
the Archimedes method. Also, SEM observation for each 
compact was carried out to observe the particle 
deformation and behavior with different punch speed and 
average particle size. 
 

 
Fig.2 Configuration and dimensions of tool for compaction 
tests of Al 1100 powders (Unit: mm) 
 
3 Results of finite element analysis and 

experiment 
 
3.1 Results of MPFEM analysis 

Fig.4 shows the compaction load—punch stroke 
curves of aluminum powder with diameter of 1 mm for 
different punch speeds. As punch speed increased, com- 



Kyung-Hun LEE, et al/Trans. Nonferrous Met. Soc. China 19(2009) s68−s75 

 

s70 

 

 
Fig.3 SEM images of Al 1100 powders with average particle 
size of 20 μm (a) and 3 μm (b) 
 

 

Fig.4 Compaction load—stroke curves of powders with particle 
diameter of 1 mm for different punch speeds 
 
compaction load increased for the same punch stroke, 
and punch stroke decreased for the same compaction 
load. The maximum load was defined at position with 
infinite slope of load—stroke curve and this occurred 
regularly regardless of punch speed. These patterns were 
similar to those with particle diameter of 0.5 mm. 

Friction force between particles by particle 
rearrangement and plastic deformation of particles was 
involved in load—stroke curve. The increase of load was 

dependant on local plastic deformation of particle or 
friction forces by elastic deformation at initial stoke, and 
the slope of load—stroke curve increased slowly. After 
that, slope of load—stroke curve increased dramatically 
in region with only plastic deformation and without 
particle sliding and rotation. Friction force between 
particles and plastic deformation could be presented 
together for punch speed of 5 mm/min in Fig.4(a). 

Fig.5 shows the behavior and effective stress 
distribution of powders at punch speed of 5 and 60 
mm/min with punch strokes in Fig.4(a). As the punch 
stroke increased, powders were densified by particle 
rearrangement (elastic deformation or local plastic 
deformation) and plastic deformation at a punch speed of 
5 mm/min. On the contrary, at punch speed of 60 
mm/min, particle rearrangement was little, and plastic 
deformation of particles occurred at the lower punch 
stroke as compacted with that at punch speed of 5 
mm/min. Consequently, higher punch speed gave a 
shorter period of particle rearrangement due to restrictive 
particle movements. 

In general, particles of neighboring punch had high 
plastic deformation and effective stress distribution. 
Pores existed between particles at punch speed of 5 
mm/min; on the other hand, pores distributed over a 
bottom of container at 60 mm/min. In this study, because 
particles are incompressible, all the powders have the 
same relative density at same punch stroke. Therefore, 
punch speed of 5 mm/min gave more uniform 
distributions for relative density of powders than 60 
mm/min. 

Fig.6 shows the effective strain and stress 
distributions of powders for different punch speeds at a 
compaction load of about 1.2 kN. As the punch speed 
increased, maximum equivalent stress and strain 
increased. Strain chains were connected to bottom of 
container in a crow line paralleled to a transfer direction 
of punch, especially contours of equivalent strain for 
punch speed of 60 mm/min. On the other hand, these at 
punch speed of 30 mm/min had obvious lozenge patterns 
which linked up container wall with central parts of the 
powder compacts in direction of 45˚. These patterns 
trend to be slightly reduced at 15 and 5 mm/min. 

Such the strain chain means the transfer direction of 
compaction load between particles. Because compaction 
load was perpendicularly transferred to particles 
arranged in bottom of container at 60 mm/min, particles 
were restricted at short punch stroke. However, 
densification mode at punch speed of 30 and 15 mm/min 
had lozenge patterns owing to enough particle movement 
and rearrangement caused by slow transfer velocity of 
load. Consequently, as the punch speed decreased for the 
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Fig.5 Behavior and effective stress distributions of powders at punch speeds of 5 mm/min (a) and 60 mm/min (b) 
 

 
Fig.6 Effective strain and stress distributions of powders for different punch speeds at compaction load of about 1.2 kN: (a) Effective 
strain; (b) Effective stress 
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same ratio of Atp to Ac, relative density of powder 
compacts increased and density distributions were more 
homogeneous by transfer direction (velocity) of 
compaction load and particle flow behavior. 

Fig.7 shows compaction load—punch stroke curves 
of powders with particle diameter of 1.0 and 0.5 mm at 
punch speed of 5 mm/min. For particle diameter of 0.5 
mm the maximum compaction load was about twice as 
much as that for particle diameter of 1.0 mm and a slope 
of its load—stroke curve dramatically increased at stroke 
of approximately 8.0 mm. Fig.8 shows behaviors and 
effective stress distributions of powder with particle 
diameter of 0.5 mm. Due to small particle, densification 
of particle mainly occurred by particle rearrangement. 
After rearrangement, as friction area was increased by 
higher specific particle area, compaction loads 
dramatically increased. As results of small particle 
diameter, a long period of particle rearrangement 
provided a short section (Fig.7(a)), where friction force 
and plastic deformation coexisted. The whole value of 
effective stress distribution compared with particle 
diameter of 1.0 mm (Fig.5) is smaller, too. Patters of strain 
 

 
Fig.7 Compaction load—stroke curves of powders with particle 
diameter of 1.0 mm and 0.5 mm at punch speed of 5 mm/min 

chain and stress distribution are similar. 
 
3.2 Results of powder compaction test 

Fig.9 shows compaction load—punch stroke curves 
of Al 1100 powders with average particle size of 20 μm 
for different punch speeds obtained from compaction 
tests. The whole patterns of compaction load—punch 
stroke curves are equal to analysis results. As mentioned 
above, these patterns were caused by improvement of 
particle rearrangement at lower punch speed. Same 
results were shown in powder compaction test with 
average particle size of 3 μm. However, compaction tests 
were performed by double action pressing which is 
different from finite element analysis. In this test, 
powder densification occurred early about twice as much 
as single action pressing in finite element analysis. 
Therefore, load for compaction test increased slightly 
from initial punch stroke. 

Fig.10 shows load— stroke curves of Al 1100 
powders with average particle size of 20 and 3 μm for 
punch speed of 5 mm/min obtained from compaction 
force. The whole experimental results were similar to 
analysis results in respect of different average particle 
size. Due to different initial height of powder compacts 
for same mass, the punch stoke at average particle size of 
3 μm was longer than that of 20 μm in experiment results 
which is different from analysis results. In the case of 
lower particle size, because the whole specific particle 
area and surface activities increase, bonding force 
between particles grow up. This phenomenon was 
responsible for decreasing the fluidity between particles 
and then compaction load increased. 

Fig.11 shows relative density of each powder 
obtained from compaction simulation and tests. Relative 
density was calculated by the ratio of the total particle 
area to container area at the maximum compaction load 
from finite element analysis. As the average particle size  

 

 

Fig.8 Behaviors and effective stress distributions of powder with particle diameter of 0.5 mm 
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Fig.9 Load—stroke curves of Al 1100 powders with particle 
diameter of 20 μm for different punch speeds obtained from 
compaction tests 
 

 
Fig.10 Load—stroke curves of Al 1100 powders with particle 
diameter of 20 and 3 μm at punch speed of 5 mm/min obtained 
from compaction tests 
 

 
Fig.11 Relative density of each powder obtained from 
compaction simulations and tests 
 
increased and compaction speed decreased, relative 
density increased. As mentioned above, these patterns are 
due to active densification of powder by particle 

rearrangement. 
As shown in Fig.10, small particle size provided a 

high friction between particles. Particle rearrangement 
and fluidity were dependent on friction between particles. 
However, an increase of friction between particles did 
not always mean to diminution of rearrangement or 
fluidity, and mentioned that particle rearrangements had 
need of comparatively high compaction load. In the case 
of nano particle, extremely large specific surface area 
may provide full restriction of particle movement by 
only interparticle friction. The relative density of powder 
compacts with nano particle may be lower than that of 
micron powder. 

SEM images of compacted powders with average 
particle size of 20 and 3 μm after compaction tests are 
presented in Fig.12. Microstructures of powder compact 
were observed in the central part and neighboring part 
with punch. Most of neighboring particles on punch were 
plastically deformed and were arranged perpendicularly 
in transfer direction of punch. On the other hand, 
particles of the central part were closed while particles 
comparatively maintained the initial shape. The analysis 
results mainly agreed with experimental results, so finite 
element analysis using MPFEM was estimated to have 
an outstanding reliability. 
 
4 Discussion 
 

Typical patterns of particle densification in powder 
compaction are presented in Fig.13. Ductile powder like 
aluminum is densified by interparticle contact with initial 
particle rearrangement, and elastic deformation and 
plastic deformation since then. After contact, the force 
between particles which is applied to the particle was 
mainly divided into normal force for contact point and 
rolling moments which is generated by tangential force. 
Here, normal force takes part in elasto-plastic 
deformation of particles and rolling moments contribute 
particle rearrangement. 

Fig.14 shows rolling moments of particles for 
different punch speeds in compaction simulations. Mean 
value of tangential load which was applied at seven 
particles located in central part of container divided by 
particle diameter was a rolling moment when compaction 
load was translated to particle of neighboring bottom of 
container. High punch speed gave low rolling moments. 
That pattern was difficult to explain clearly by results of 
this work. Rolling moments are expected to be reduced 
by increase of contact area between particles (plastic 
deformation of particle). 

As previously stated, high punch speed led to the 
vertical strain chain within powders during compaction 
due to high propagation velocity of compaction load 
between particles. Low rolling moments of particles at 
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Fig.12 SEM images of compacted powders with average particle size of 20 μm (a) and 3 μm (b) after compaction tests 
 

 

Fig.13 Typical patterns of particle densification in powder compaction 
 

 
Fig.14 Rolling moments of particles for different punch speeds 
in compaction simulations 
 
high punch speed may be caused by these patterns that 
lead to the high normal force for a small contact area 

between particles or increasing the number of their 
contact before particle rolling. These problems will be 
discussed next. 
 
5 Conclusions 
 

To observe deformation behavior of particles and 
estimate the relative density for different punch speed 
and particle diameter, compaction simulations with Al 
powder using multi-particle finite element model were 
performed. In order to verify the reliability of finite 
element analysis, compaction tests for different punch 
speeds of 5, 15, 30 and 60 mm/min and average particle 
sizes of 20 and 3 μm were carried out. The results can be 
summarized as follows: 

1) Higher compaction velocity provided higher 
loads for same punch stroke and lower punch stroke for 
specific load. Because the velocity of load transfer was 
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fast and powder densification mode was formed 
perpendicularly for high compaction velocities, particles 
were restricted and plastically deformed at a short punch 
stroke. 

2) Due to higher compaction velocity, a period of 
particle rearrangement decreased and relative density of 
final powder compacts decreased. On the other hand, 
particle movement was free and a long period of particle 
rearrangement and high relative density of powder 
compacts were given for a slow compaction velocity. 

3) As the average particle size decreased, 
compaction load increased owing to higher interparticle 
friction. However, because a period of particle 
rearrangement was long and plastic deformation of 
particles occurred lately in the case of small particle size, 
relative density of final powder compacts was 
comparatively high. 

4) High punch speed led to high rolling moments, 
followed by high particle movement and powder 
densification. 
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