
1 INTRODUCTION

Cold compaction processes are a key ingredient in
powder forming processes. They consist in the
vertical compaction through the movement of a set
of punches of a fine powder material at room
temperature. The process transforms the loose
powder into a compacted sample with a volume
reduction (and therefore a density increase) of about
2-2.5 times. The design of these processes includes
the definition of the initial dimensions of the sample
and the movements of the punches that lead to
compacted samples with uniform density distribu-
tions. In this context, efficient and reliable numerical
simulations can play an important role as a
complement of experimental tests.

2 CONSTITUTIVE MODEL

Isotropic and density-dependent finite strain
multiplicative plasticity is assumed [1,2]. The
dependence on the density is incorporated through
the relative density, η. An elliptic yield function,
which becomes the von Mises yield function for

fully compacted samples, is considered, fellip(ττττ,η)
with ττττ the Kirchhoff stress tensor [1,3].
The applicability of this constitutive model to
simulate powder compaction processes has been
checked using a Lagrangian approach in [1], with
some frictionless reference tests, and [2], with the
compaction of a plain bush component involving
friction. The results obtained in both cases are in
agreement with the experimental data and other
numerical results reported in the literature.

3 ALE FORMULATION

The ALE description in non-linear solid mechanics
is nowadays standard for hypoelastic-plastic models
[4]. An extension to hyperelastic-plastic models is
used here [5]. In contrast to previous ALE
formulations of hyperelasticity [6] or hyperelasto-
plasticity [7], the deformed configuration at the
beginning of the time-step, not the initial undefor-
med configuration, is chosen as the reference con-
figuration. As a consequence, convecting variables
is required in the description of the elastic response.
This is not the case in previous formulations, were
only the plastic response contains convection terms.
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In exchange for the extra convective terms, however,
the proposed ALE approach has a major advantage:
the ALE remeshing strategy must ensure the quality
of the mesh only in the spatial domain. In previous
formulations, it is also necessary to keep the
distortion of the mesh in the material domain under
control. Thus, the full potential of the ALE descrip-
tion as an adaptive technique can be exploited here.
The evolution of the elastic left Cauchy-Green
tensor, be, is defined in the ALE setting as

eTeee
e f

t
b

τ
lbblbcb   2   

χ

ellip
x ∂

∂
−=−−∇+

∂
∂ γ� (1)

where �χ means holding grid points fixed, c is the
convective velocity, ∇x is the gradient operator with
respect to spatial coordinates, l is the velocity
gradient tensor, and γ�  is the plastic multiplier,
which is determined with the classical Kuhn-Tucker
conditions.
The evolution of the relative density η is given by
the mass conservation principle, which in ALE
formulation reads
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The numerical time-integration of equations (1) and
(2) is done by means of a fractional-step method [4].
Every time-step is divided into two phases: the
Lagrangian phase and the convection phase. During
the Lagrangian phase, convection is neglected and
the increment of particle displacements is computed
in the usual Lagrangian fashion [1]. After that, an
ALE remeshing algorithm is employed to compute
the increment of mesh displacements. During the
convection phase, the convective term is taken into
account. An explicit Godunov-like technique is used
for that purpose.

4 NUMERICAL SIMULATIONS

In the following, the proposed approach is applied to
the simulation of the compaction of a rotational
flanged component [2,8]. This test is a challenging
example for the proposed approach because it
involves sharp geometry boundaries and large mass
fluxes between different parts of the sample. It is
used in [8] to illustrate the applicability of a dynamic
approach with a hypoelastoplastic model, and in [9]
to show the utility of an adaptive remeshing tech-
nique to reduce mesh distortion. Some experimental
results [10] are available.
Three different compaction tests are simulated: 1) a
vertical movement of the top punch (6.06 mm); 2) a

vertical movement of the bottom punch (5.10 mm);
and 3) a simultaneous movement of both punches
(6.06 mm the top punch and 7.70 mm the bottom
punch). The same structured mesh of 170 eight-
noded elements with reduced integration (four Gauss
points per element) is used in the three tests. The die
wall friction is simulated with a Coulomb friction
coefficient of 0.08 and the radial displacement at the
punches is restrained [8,9]. The analysis is perfor-
med with the material parameters calibrated in [10]
for the compaction of the plain bush component. In
the three tests, the remeshing technique consists in
prescribing equal height elements in the upper and
lower part of the domain.
The variations of the mass of the sample during the
simulations are depicted in figure 1. These variations
correspond to the truncation error in the discretiza-
tion of the convective term of the ALE formulation
(both temporal and spatial discretization). Low
values are found in the three cases.
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Figure 1: Relative mass variation. The load levels are referred
to the punch displacements imposed at the end of each test.

4.1 Top punch compaction test

The evolution of the relative density distribution is
summarised in figures 2(a-d). The compaction
process leads to a clearly non-homogenous density
distribution. As expected, higher values are found in
the outer region of the sample and lower ones close
to the bottom surface. A smooth transition from
higher to lower densities is found. A dense zone is
detected in the corner region during all the process.
Recall that there is no mesh distortion because the
mesh does not follow the material particles in the
ALE formulation. A final relative density profile is
depicted in figure 2(e), together with the results
presented in [8]. Two zones with a quasi-uniform
relative density are found in both cases. However,
the density profile obtained in [8] exhibits a
significant oscillation between these two zones, and,
on the contrary, the transition obtained in this work
is smooth.
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Figure 2: Top punch compaction. (a-d) Relative density
distributions and (e) relative density profile at section 1-1'.

4.2 Bottom punch compaction test

The evolution of the relative density distribution is
summarised in figures 3(a-d). The expected values
are obtained: higher densities in the lower part of the
sample and lower densities in the outer part. A dense
zone is detected in the corner region during all the
process. This result agrees with the simulation of the
top punch compaction (note that in this case the
mass flux has the opposite direction). However,
contrary to the top punch compaction, the dense
zone extends in the mass flux direction. This can be
related with the higher convective behaviour of the
problem and the different mass flow pattern. A final
relative density profile is depicted in figure 3(e). The
numerical results presented in [8] are included in the
same figure. Both simulations lead to similar values
in outer and inner parts of the sample. The main
difference is the presence of oscillations in the
results of reference [8].

4.3 Double punch compaction test

In the last test, a simultaneous top and bottom punch
movement performs the compaction of the flanged

component. The evolution of the relative density
distribution is summarised in figure 4. The distribu-
tions at four load levels (0.25, 0.5, 0.75 and 1) with a
common scale are depicted in figure 4(a). Specific
figures for each load level are also included, figures
4(b-d). The compaction process leads to a quasi-
homogeneous density distribution during the entire
test, with differences less than 10%. Higher values
are found in the bottom of the sample and lower
values in the external part. Four relative density
profiles are depicted in figure 5. The numerical
results presented in [8] and the experimental data
available [10] are included in the same figure. All
these results are in good agreement.
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Figure 3: Bottom punch compaction. (a-d) Relative density
distributions and (e) relative density profile at section 1-1'.

5 CONCLUSIONS

An ALE approach for finite strain hyperelasto-
plasticity has been applied to the simulation of the
compaction of a rotational flanged component. The
use of simple remeshing techniques and the explicit
character of the Godunov-like technique has
guaranteed a low computational overhead of the
ALE approach with respect to the standard
Lagrangian formulation.



The efficiency of the proposed approach is comple-
mented with the high accuracy of the results. The
mass conservation principle has been verified with
very low relative errors in all the ALE examples,
and exactly in the pure Lagrangian examples, see
[2]. This represents a significant improvement with
respect to previous results based on non-adaptive
and h-adaptive Lagrangian approaches found in the
literature.
The present results are in general agreement with the
experimental data available and the previous results
presented in the literature. Moreover, the relative
density distributions do not present spurious
oscillations, even in compaction tests involving high
convective effects.

dt = 6.060 mm

db = 7.700 mm

dt = 4.515 mm

db = 5.775 mm

 0.82

 0.83

 0.84

 0.85

 0.86

 0.87

 0.88

 0.89

 0.90

 0.91

 0.92

 0.65

 0.66

 0.67

 0.68

 0.69

 0.70

 0.71

 0.72

dt = 1.515 mm

db = 1.925 mm

dt = 3.030 mm

db = 3.850 mm

 0.54

 0.55

 0.56

 0.57

 0.58

 0.59

 0.46

 0.47

 0.48

 0.49

 0.47
 0.51
 0.55
 0.59
 0.63
 0.67
 0.71
 0.75
 0.79
 0.83
 0.87
 0.91

dt = 1.515 mm
db = 1.925 mm

dt = 3.030 mm
db = 3.850 mm

dt = 6.060 mm
db = 7.700 mm

dt = 4.515 mm
db = 5.775 mm

(a)

(b) (c)

(d) (e)

Figure 4: Double-punch compaction. Relative density
distributions: (a) common scale and (b-e) different scales.
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Figure 5: Double--punch compaction. (a) sections of control
and (b-e) relative density profiles.
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