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Aluminum powder in tube compaction with a 25 mm front plug through equal channel angular extrusion
(ECAE) at room temperature was modeled using the finite element analysis package ABAQUS. The Gurson
model was used in modeling this process. 2-D simulations in a 90� angle die showed better consolidation of
powder near the inner edge of the die than the outer edge after one pass of ECAE but almost full
densification occurs after two passes. The effect of hydrostatic pressure on densification of the powder was
investigated by using two plugs varying in length dimension. The results obtained from the simulations
were also compared with experiments conducted to compact aluminum powder with mean particle
diameter of 45 lm. Optical microscopy, microhardness test, and density measurements confirmed the
simulations. The simulations were extended to powder compaction in a 60� and 120� angle die. It was found
that one pass of ECAE is sufficient to consolidate the aluminum powder completely and uniformly in a 60�
angle die, whereas the material is still porous in a 120� angle die.
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1. Introduction

In recent years, equal channel angular extrusion (ECAE) has
been used as a method to produce ultra fine-grained materials
(Ref 1-4). It is an effective method to produce a large amount of
simple shear deformation in a material by pressing it around a
corner of two intersecting channels with equal cross sections
(Ref 5, 6). The main advantage of ECAE over conventional
extrusion is that the cross section of the material remains the
same after the process and thus it can be passed through the
same die to repeat the process and in fact higher plastic
deformation is accumulated (Ref 7). In addition, the deforma-
tion is quite uniform as compared to conventional deformation
processes and also the low load requirements for processing.
Many studies have been conducted to model the ECAE process
for solid billets. In most of them, the effect of processing
parameters such as die shape and friction and analyzing
the plastic deformation behavior of the process have been
investigated (Ref 8-21).

Recently, ECAE has also been used for compaction of
powders, mainly by putting the powder in a can or tube and
passing it through an ECAE die or by applying back pressure
(Ref 22-25). The main goals of these works were to achieve full
densification of powders and to enhance the mechanical

property of the compacts. Moreover, powder compaction by
ECAE is better done at lower temperatures than hot isostatic
pressing (HIP), which is an expensive and relatively time-
consuming process. Single pass and multiple pass ECAE has
been used to compact a wide variety of powders such as pure
metallic elemental (Ref 25), alloys (Ref 26), and amorphous
(Ref 27) powders to near the theoretical densities.

Most of the researches have been done on simulation of
simple compaction or multiaxial compaction of powders (Ref
28-30), and some have been conducted on powder consolida-
tion via ECAE, for example, Kim et al. worked on equal
channel angular pressing of metallic powders (Ref 31) to
achieve both powder consolidation and grain refinement. Yoon
et al. (Ref 32) investigated the consolidation, plastic deforma-
tion, and microstructure evolution behavior of Al-Si powders
during ECAP using experimental and theoretical methods.
Almost independent behavior of powder densification in the
entry channel and shear deformation in the main deformation
zone was found by the finite element method in conjunction
with a pressure-dependent material yield model. It was found
that high mechanical strength could be achieved effectively as a
result of the well-bonded powder contact surface during ECAP
process of gas atomized Al-Si powders. Yoon et al. (Ref 33)
also investigated the mechanical properties of hypereutectic Al-
20 wt.% Si alloy up to eight passes of ECAE and it was found
that ECAE is effective in matrix grain and Si particle
refinement. Finite element analysis for deformation behavior
of an aluminum alloy composite containing SiC particles and
porosities during ECAE has been carried out by Lee et al. (Ref
34). They showed that the powder reaches near full density
before it enters the corner, but no tube or back pressure was
applied. Without a tube these simulations do not represent
actual powder compaction, because the tube has a substantial
effect on the amount of hydrostatic pressure.

In this study, efforts were duly made in the modeling of
densification of aluminum powder in tube through multipass
ECAE at room temperature using Gurson model (Ref 35),
which is an effective model for high density porous materials
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and also the effect of hydrostatic pressure on densification of
the powder was investigated by using two plugs varying in
length dimension and the simulations were extended to 60� and
120� angle die. Finite element analysis was carried out using
ABAQUS/Explicit (Ref 36), and then the simulations were
evaluated with experimental results.

2. Modeling

Many models and consolidation mechanisms have been
proposed to simulate powder compaction (Ref 35, 37, 38).
Different plastic yield functions such as Shima-Oyane, Green,
Gurson, etc., have been developed for porous materials until
now which satisfy the required conditions. In this article, the
Gurson model was used due to capability of the ABAQUS
software for modeling this yield function model and also the
effectiveness of this model for high density porous materials.
From plastic response of a hollow sphere model, Gurson
proposed the yield function for a porous material which is
useful in the high density region with a relative density >0.9.
Thus,

U ¼ q

ry

� �2

þ2f cosh �3P
2ry

� �
� ð1þ f 2Þ; ðEq 1Þ

where P ¼ � 1
3r : 1 is the hydrostatic pressure, S ¼ PI þ r is

the deviatoric part of the Cauchy stress tensor r,
q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=2ÞS : S

p
is the effective Mises stress, f is the void

volume fraction (porosity), and ry is the yield stress of the
fully dense matrix material. The Gurson model accounted for
plastic dilatancy which is characteristic to porous ductile
materials and also shows the importance of hydrostatic pres-
sure in the yield condition for such materials. It should be
noted that f = 0 implies that the material is fully dense and
the Gurson yield condition reduces to that of Von Mises and
f = 1 implies that the material is fully voided and has no
stress carrying capacity. Compression of the material

produces a strengthening effect due to closing of the voids,
whereas because of opening of the voids in tension the mate-
rial would soften.

The two-dimensional finite element simulation for the
ECAE was performed using finite element package ABA-
QUS/Explicit. Four parts were defined in the model, the inner
part of the die, the outer part of the die, the powder, and the
tube-plug as it is seen in Fig. 1. The inner and outer part of the
die modeled using analytical rigid surface. For the copper tube
and plugs a linear hardening elastic-plastic material model is
used with Young�s modulus of 110.3 GPa and initial yield
stress of 80 MPa. For the powder the Gurson model was built
into ABAQUS with an initial relative density of 0.9 (void
volume fraction of 0.1). The interaction between the tube and
the powder in the tangential direction was assumed frictionless
because it seems rational that there is a relative motion between
the tube and the powder. In the case of the interaction between
the tube and the die, a friction value of 0.05 (Ref 39) was
applied. An extrusion rate of 0.5 mm/s was used which is as the
same as the experimental procedure. The double-pass ECAE
was modeled in two steps. In the first step, the top surface is
given a downward velocity which completes the first pass and
in the second step, the left surface is given a horizontal velocity
to the right to complete the second pass. This modeling is
equivalent to rotating the work piece by 180� about its central
axis (route C) (Ref 40) for the second pass. The two-
dimensional simulations were carried out using plane strain
condition. The powder, the tube, and the plugs were meshed
using four node plane strain reduced elements (CPE4R)
(Ref 34).

3. Experimental

Figure 2 shows the nitrogen gas atomized aluminum powder
with mean particle diameter of 45 lm and an irregular shape
which was used as the starting material. The compressibility of
the powder was investigated by pressing the powder in a copper
tube subjected to equal channel angular pressing. Aluminum
powder in tubes (PITs) were prepared by closing one end of the
tube with front plug and closing the other end by a rear plug

Fig. 1 The defined parts in the model

Fig. 2 SEM micrograph of nitrogen gas atomized aluminum pow-
der with mean particle diameter of 45 lm and an irregular shape as
the starting material
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after filling with the powder and compaction to a relative
density of 90%. Front and rear plugs were prepared using
copper. Geometry and dimensions (in mm) of the tubes used are
shown in Fig. 3. These PITs were then subjected to multipass
ECAE via route C, with a 20 ton press and the RAM speed of
0.5 mm/s at room temperature using ECAE split die (Fig. 4)
with channel inner and outer angels of 90� and 20�(Fig. 5).
Figure 6 shows the samples before, during and after one pass of
ECAE. The density of the materials was measured based on the
Archimedes principle using polished samples. Two lengths of
front plug (25 and 45 mm) were used to investigate the effect of
hydrostatic pressure on the amount of compressibility of the
powders. Scanning electron microscopy and optical microscopy
were performed on the longitudinal section to investigate the
porosities during ECAE. For this purpose, first the surface of
the sample was polished and then etched in a solution of

15.5 mL HNO3, 0.5 mL HF (48%), and 3.0 g CrO3 in 84.0 mL
H2O (Graff/Surgent reagent). Hardness profile was taken from
flow plane with a distance of 1 mm between indents. The
Vickers hardness measurements (HV) were taken by applying a
load of 1 kgf for 10 s.

4. Results and Discussion

From the void volume fraction contours after the first pass in
Fig. 7(a), it is obvious that almost full densification is achieved
near the inner corner and less near the outer corner of the
intersecting channels after the first pass of ECAE, but as the
densification proceeds in the second pass (Fig. 7b), the whole
region consolidates uniformly. To further study the void volume
fraction in the first pass of ECAE, three elements in the powder
from inner edge, center, and the outer edge of the work piece
are selected. For these elements, their void volume fraction and
the hydrostatic pressure are tracked as they undergo the
extrusion. Figure 8(a) and (b) show the sequence of shape
evolution of the powder as it passes through the die by
presenting three elements locating on the inner corner, center,
and on the outer corner of the die in the first and in the second
pass, respectively. From Fig. 9, which shows the void volume
fraction with time period, one can see that the void volume
fraction of the elements decreases continuously in region 1 due
to front plug extrusion then it remains constant in region 2 until
it passes through the corner completely (region 3). While the
powder enters the exit channel (region 4), there is no change in
the void volume fraction, until it goes through the second

Fig. 3 Geometry and dimensions (in mm) of the tubes used

Fig. 4 ECAE split die used in this work

Fig. 5 Inner and outer angels of the die used in this work

Fig. 6 Samples before, during, and after one pass of ECAE
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corner as the second pass of ECAE (region 5) in which further
consolidation occurs and again there is no obvious decrease in
void volume fraction of the elements as they enter the exit
channel after the second pass (region 6).

It is obvious that the void volume fraction near the inner
edge, center, and near the outer edge of the work piece, after the
first pass is about 0.004, 0.012, and 0.020, respectively. The
lower void volume fraction near the inner edge is mainly
because of higher hydrostatic pressure which is experienced in
the top portion than the bottom portion of the die. Figure 10
shows the hydrostatic pressure in the first pass of ECAE versus
time period. It is seen that during the plug extrusion, the
hydrostatic pressure reaches a maximum value of 225 MPa for
three elements (inner edge, center, and outer edge). It means
that during the extrusion of the front plug, similar hydrostatic
pressure develops in these elements. After the extrusion of the
whole length of the plug, the hydrostatic pressure decreases
until the elements of the powder go through the die corner. The

inner corner experiences higher hydrostatic pressure (248 MPa)
than the outer corner (160 MPa) which is correspondent with
the higher density near the inner edge than the outer edge.

In this article, we also investigated the effect of using a
longer plug on the variation of void volume fraction after the
first pass of ECAE. Figure 11 compares the void volume
fractions after the first pass of ECAE for 45 and 25 mm plugs.
Although there is no remarkable difference in the results
between 25 and 45 mm plugs, during the front plug extrusion at
T = 31, the void volume fraction is slightly lower in the powder
with 45 mm plug (0.05) than with 25 mm plug (0.057).

To assure the finite element model, it should be validated by
the experimental investigations. Optical microscopy after the
first pass of ECAE from inner, center, and outer portion of the
specimen in, respectively, validates the results. Figure 12(a)-(c)
show more voids in the outer portion than the fully consolidated
inner portion. Figure 12(d) also shows the elimination of pores
near the outer portion of the work piece after the second pass of
ECAE which confirms more uniform consolidation of powder
especially near the outer portion after the second pass. Table 1
shows the relative density of the specimens after the first and the
second pass of ECAE for both 25 and 45 mm plugs and
compares them with the simulation results. It is seen that there is
a good correlation between the simulations and the experiments.
It is seen that an almost similar relative density is obtained by
applying both 25 and 45 mm plugs. Note that the void volume
fractions obtained from simulations have been changed to
relative density for better comparison. It can be seen from the
hardness profile in the flow plane of the compacted aluminum
powder in Fig. 13(a) and (b) that there is a greater homogeneity
in the inner portion of the specimen than the outer portion for
both 25 and 45 mm plugs as can be seen from relatively low
variation within the hardness profile near the inner edge. An
abrupt decrease in the hardness profile may be due to two facts,
first of all is the existence of the pores especially near the outer
portion of the work piece. Second fact is the reduction of strain in
the outer region of the strain hardening work piece due to corner
gap in the edge region (Ref 41). Figure 14(a) and (b) depict pore
distribution in the inner and outer edge of the work piece,
respectively. It is seen that the pores are distributed homogo-
nously in the matrix, so the reason for low hardness and also the

Fig. 7 Void volume fraction contours after (a) first pass and (b) second pass of ECAE

Fig. 8 The sequence of shape evolution of the powder as it passes
through the die (a) in the first pass and (b) in the second pass
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variation of the hardness in the outer edge can be attributed to
low densification and low strain which the compacted powder
experiences. Another point which is obtained from Fig. 13(a)
and (b) is that the hardness increases gradually from outer edge to
inner edge because of almost complete consolidation of powder
near the inner edge. It is also visible in Fig. 13(c) that in the

second pass the hardness increases particularly for the outer edge
and a more uniform profile for inner portion, center, and outer
portion of the specimen is obtained which presents consistent
results with the simulations.

In this investigation, three rows of elements in the powder
regionwere selected, andmarkedwith section ‘‘A,’’ section ‘‘B,’’

Fig. 9 The void volume fraction with time period for the first and second pass of ECAE

Fig. 10 The hydrostatic pressure during the first pass of ECAE vs. time period

Fig. 11 A comparison between void volume fractions during the first pass of ECAE for 45 and 25 mm plugs
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Fig. 12 Optical micrographs after the first pass of ECAE from (a) inner portion, (b) center, and (c) outer portion of the specimen. (d) After the
second pass of ECAE from outer portion of the specimen

Table 1 Relative density of the specimens after the first and the second pass of ECAE for both 25 and 45 mm plugs

Experimental Simulation

Relative density, % Relative density, %

Inner Center Outer

25 mm plug, first pass 97.19 99.61 98.79 97.91
25 mm plug, second pass 98.24 99.91 99.76 99.68
45 mm plug, first pass 97.43 99.72 98.61 98.12
45 mm plug, second pass 98.31 99.93 99.79 99.74

Fig. 13 The hardness profile in the flow plane of the compacted aluminum powder (a) after the first pass with 25 mm plug, (b) after the first
pass with 45 mm plug, and (c) after the second pass with 25 mm plug
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and section ‘‘C’’ as are shown in Fig. 15. The optical micro-
graphs of each section which are taken from the longitudinal
plane from the center of the powder near the leading end (section
‘‘A’’), central portion (section ‘‘B’’), and rear end (section ‘‘C’’)
are also obvious in this figure. The elements of the leading end at
section ‘‘A’’ are consolidated better than the elements at section
‘‘C.’’ One can also see the experimental results of the optical
micrographs where the microvoids decrease gradually from the
rear end to the leading end. In fact, this is due to higher hydrostatic
pressurewhich the leading section experiencesmainly because of
its closer distance to the front plug.

Figure 16 also shows the void volume fraction against the
element number in each section. As it is seen in this figure, the

Fig. 14 SEM micrograph of the pore distribution after the first pass (a) in the inner edge and (b) outer edge of the work piece

Fig. 15 The optical micrograph taken from the longitudinal plane from the center of the work piece near the leading end (section ‘‘A’’), central
portion (section ‘‘B’’), and rear end (section ‘‘C’’)

Fig. 16 Variation of void volume fraction against the element
number in each section

Journal of Materials Engineering and Performance Volume 21(2) February 2012—149



higher void volume fraction is achieved in section ‘‘C’’ and the
void volume fraction increases from the inner element (1) to the
outer element (8).

During powder consolidation via ECAE, the load-displacement
curve was depicted. Figure 17(b) shows the experimental load-
displacement curve for aluminum powder after the first pass of
ECAE and Fig. 17(a) shows the load against time period during
the ECAE simulation. As it is seen, the load increases gradually
until it reaches a maximum point (region 1) and almost remains
constant until the whole length of the front plug is extruded and
then it decreases when the powder undergoes shear extrusion
(region 2) and almost remains constant. The average load
which is needed to apply shear on the powder as it is seen in
Fig. 17(b) is about 38 kN which is almost comparable with the

achieved load after the simulation in Fig. 17(a) where the
specified regions on this figure are consistent with experimental
load-displacement results.

After experimental validation of the simulations, our
modeling was extended to consolidation of aluminum powder
in a die with inner corner angle of 60� and 120� with the same
outer angle of 20�. The same elements as in 90� angle die are
selected to track the variation in void volume fraction and
hydrostatic pressure. Figure 15 shows the void volume fraction
contour for a 60� (Fig. 18a) and a 120� (Fig. 18b) angle die
with 25 mm plug. As it is seen, in the 60� angle die the voids
are eliminated and full density can be achieved after the first
pass of ECAE which is consistent with Nagasekhar et al.
(Ref 42) research. They showed that more than 80% of the

Fig. 17 The load-displacement curve for aluminum powder after the first pass of ECAE (a) simulated result and (b) experimental result

Fig. 18 The void volume fraction contour with 25 mm plug for (a) 60� angle die and (b) 120� angle die

Fig. 19 Void volume fraction in 60�, 90�, and 120� angle die during the first pass of ECAE for the outer edge element
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cross section of the sample experiences uniform high strains in
an acute channel angel. Whereas by applying lower level of
strain in 120� angle die the material remains porous after the
first pass of ECAE. Figure 19 shows the effectiveness of a
sharper die angle in elimination of the residual porosities.
Figure 20 compares the hydrostatic pressure in 60�, 90�, and
120� angle die after the first pass of ECAE for an inner edge
element. The maximum hydrostatic pressure which is obtained
during the front plug extrusion in 60� angle die is about
440 MPa and is about two times greater than the maximum
hydrostatic pressure which is obtained in 90� angle die
(225 MPa), but the hydrostatic pressure is really low in 120�
angle die (103 MPa) which confirms the high void volume
fraction in 120� angle die.

5. Conclusions

In this work, the process of powder compaction through
ECAE was simulated using finite element package ABAQUS.
The Gurson model was implemented. In the 2-D simulations,
the powder was modeled in a copper tube with front and rear
plugs in a 90� angle die. The powder near the inner edge
consolidates almost completely whereas the powder at the outer
edge does not. This is mainly because of higher hydrostatic
pressure which is developed near the inner edge. The void
volume fraction decreases from 0.1 to about 0.05 during the
front plug extrusion and remains constant until the powder
reaches the bend, where the majority of the voids are eliminated
and the void volume fraction reaches to about 0.004 to 0.02
after the first pass of ECAE depending on the location of the
element. During the second pass, full and uniform densification
is obtained. It can be seen through the simulations that
application of longer front plug (45 mm) in developing higher
hydrostatic pressure (more than 225 MPa) is negligible and the
final relative density is the same as applying a 25 mm plug. The
simulations were also carried out for 60� and 120� angle die. It
is observed that complete and uniform densification is achieved
after the first pass in a 60� angle die, but the material is still
porous after one pass of ECAE in a 120� angle die because of
lower hydrostatic pressure which is developed in a 120� angle
die. Future work using the simulation developed in this work
can include carrying out a study to optimize the process
variables like friction between the walls of the die and the tube,

the rate of extrusion, tube material, and number of passes. The
process can also be extended to 3-D simulations in the future
works.
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