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Abstract:

The process of powder compaction through Equal Channel Angular Extrusion (ECAE) at room temperature was modeled using
the finite element analysis package ABAQUS. Two powder compaction models, the Gurson model and the Duva and Crow model,
were used to test their efficacy in modeling this process. Modeling parameters like friction coefficients, interaction conditions were
determined by comparing the simulations for solid billet and an empty can with actual experimental runs for loads, shear angle and
workpiece geometry. The simulations using the two models showed no significant difference in the stress in the powder during the
extrusion. 2-D simulations were used to show the efficacy of two passes of ECAE in achieving full densification in the extruded
workpiece. The results obtained from the simulations were also compared to experiments conducted to compact copper powder with
a size distribution of 10um to 45um. It was found through experiments that the powder does not fully consolidate near the outer
corner of the workpiece after the first ECAE pass and the results from the simulations were used to rationalize this phenomenon.
Modifications made to the process by applying a back pressure during the simulations resulted in a uniformly compacted powder
region. It was also found that the loads required to consolidate a powder through ECAE are much lower than conventional pressing
or compression to achieve the same amount of compaction.

Keywords: Equal Channel Angular Extrusion, Equal Channel Angular Pressing, Powder compaction, Constitutive behavior, Finite
elements.

1. Introduction

In recent years, Equal Channel Angular Extrusion (ECAE), also called Equal Channel Angular Pressing (ECAP) has
developed as a method to produce ultra fine-grained materials (Segal, 1995). It is effectively a method to produce a
large amount of simple shear deformation in a material by passing it around a corner of two intersecting channels with
equal cross-sections as seen in Figure 1. The main advantage of ECAE over conventional extrusion is that the cross
section of the material undergoing ECAE remains the same after the process and thus it can be passed through the same
die to repeat the process and accumulate higher plastic deformation (Zhu and Lowe, 2000). In addition, the deformation
is quite uniform as compared to that from the conventional deformation processes.

In ECAE, the workpiece which is typically a solid billet is placed in one of the channels and forced to pass into the
second channel using a plunger. As the billet passes through, it is severely deformed in shear within a small area at the
intersection of the two channels. The mechanical properties and microstructure of several materials undergoing ECAE
have been extensively studied and thoroughly summarized in a recent review by Valiev and Langdon (2006). Many
studies have been conducted to investigate the unique microstructural features that can be obtained through multiple
pass ECAE (Zhu and Lowe, 2000). Work on modeling the ECAE process has been carried out in detail to study the
effect of processing parameters like die shape, friction, back pressure in previous works such as those by Luis Perez et
al. (2004), Oh and Kang (2003) and Li et al (2004) and the modeling of microstructural evolution during ECAE has
been attempted by Beyerlein et al. (2003), Beyerlein et al. (2005), Iwahashi et al. (1997) and Iwahashi et al. (1997).

In the recent past, ECAE has also been used for compaction of powders, mainly by putting the powder in a can and
passing the can through an ECAE die (Parasiris et al., 2000; Matsuki et al., 2000; Kim et al., 2003; Robertson et al.,
2003; Haouaoui et al., 2004; Karaman et al., 2004; Senkov et al., 2004; Senkov et al., 2005; Xia and Wu, 2005;
Karaman et al., 2007).. The key goal of most of these works was to achieve full densification in micron and nanometer
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Figure 1. Schematic of the ECAE process showing the deformation of an element of the workpiece during ECAE.

sized powders without coarsening, to obtain truly bulk nanocrystalline materials, fabricate bulk metallic glasses,
microstructural design and mechanical property enhancement. The compaction of powders with ECAE at low
temperatures makes it possible to fabricate bulk materials with grain size from nano to micron size scale (Haouaoui et
al., 2004; Xia and Wu, 2005; Karaman et al., 2007). The benefit of powder compaction by ECAE is effective
consolidation at lower temperatures than normally required by Hot Isostatic Pressing (HIP) operations. ECAE
processing is especially attractive for making bulk nanocrystalline materials because of 1: The possibility of
consolidation below dynamic recovery temperatures, 2: Large product cross sections and 3: Easy incorporation of
second phase components (other powders, filamentary or rod dispersoids) which are not suitable for incorporation
during a melting step.

There is a definite need for a computational process design approach which requires an accurate approximation for
the materials constitutive behavior. Finite Element analysis of metallic powders undergoing ECAE has been carried out
in a previous work by Yoon and Kim (2006). They showed, through their simulations that hydrostatic pressure is first
developed in the entry channel which assists the compaction and then simple shear is generated as the sample passes
through the corner. Their results predicted that the powder solidifies fully before it enters the corner and the
deformation in the corner is simple shear. These 2-D simulations, without a material can, are not adequate to capture the
true nature of a powder compaction through ECAE because the powder can has a substantial effect on the mechanics of
compaction as a way to control the hydrostatic pressure.

This paper reports the modeling effort on the densification of copper powder through ECAE at room temperature by
using two different powder compaction models: The Gurson model (Gurson, 1977) and the Duva and Crow model
(Duva and Crow, 1992) in the finite element analysis carried out using ABAQUS/Explicit (Abaqus Inc, 2004). 2-D and
3-D simulations are carried out in order to point out the inadequacies of the 2-D simulations. The densification
behavior, kinematics of the deformation and the stresses developed are studied to analyze certain characteristics
observed during the compaction experiments. The efficacy of applying back pressure during compaction is
demonstrated in achieving fully dense powder compacts.

2. Powder compaction models

Many powder compaction models and consolidation mechanisms have been proposed to suitably model the various
methods like sintering, hot isostatic pressing, area reduction extrusion and cladding processes (Gurson, 1977; Duva and
Crow 1992; Wilkinson and Ashby, 1975; Tvergaard, 1981; Carroll, 1986; Kim and Carroll, 1987; Kim and Suh, 1990;
Delo and Piehler, 1999). In this paper, the powder models used are the Gurson model, which is built into the ABAQUS
package and the Duva and Crow model, for which a user material subroutine (VUMAT) is implemented to be used with
the ABAQUS finite element model.

2.1. Gurson model

The Gurson model (1977) accounted for the plastic dilatancy which is characteristic to porous ductile materials and
thus showed the importance of hydrostatic pressure in the yield condition for such materials. The theory was developed
by idealizing the void-matrix aggregate to a single void in a cell in which the volume of the void is equal to the void
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volume fraction in a unit cell. The cell is presumed to have rigid plastic properties. Two void geometries were
considered: spherical voids in a spherical matrix and long cylindrical voids in cylindrical matrix. Proceeding with this
configuration, a yield condition was proposed as
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and ‘f’ is the void volume fraction (porosity).

The plastic strain is evaluated through
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and the void volume fraction ‘f” is given by
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The elastic constitutive behavior is given by

Ag=E:As" =E:(Ag—Ag) )
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This elastic constitutive equation (4) is solved by utilizing a backward Euler scheme. The total incremental strain
from the previous time step is utilized to update the stress, the plastic strain and the void volume fraction at the next
time step so that they satisfy the yield condition (1), flow rule (2) and evolution of void volume fraction (3).

It should be noted that when f goes to zero, the material is fully dense and thus the model reduces to the von Mises
theory for elastic-plastic materials. It should also be noted that the material would soften in tension because of opening
of the voids and harden in compression due to closing of the voids. This model overpredicts the stresses during a
compaction process when compared to other models as shown by Biswas (2005) and is thus generally found unsuitable
to model powder compaction where the initial relative density of the powder is below 0.9 (Abaqus Inc, 2004).

2.2. Duva and Crow model

Duva and Crow originally suggested a model to study the densification of powders undergoing Hot Isostatic
Pressing (1992). This model has since been used since to study the powder compaction process by Carmai and Dunne
(2004) and Carmai and Dunne (2005).

The Duva and Crow model accounts for both the deviatoric and hydrostatic stresses to model the compaction
process. The model assumes that the powder material is incompressible and nonlinearly viscous. A strain rate potential
for a porous, non-linear creeping material is used and the densification rate is computed by differentiating this strain
rate potential by the stress. The strain rate potential is given by
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Where &, and O are any convenient reference strain rate and stress, respectively and n is the creep exponent, used

for the powder material. Each of these parameters is, in general, dependent on the temperature.
The stress measure (S) proposed in this model is given by
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where,
ol = 3 .. 18 the effective stress, 1 is deviatoric part of the stress,
e
2

o = %tr( o) is the hydrostatic pressure and n is the creep exponent.

The variables a and b depend on the Relative Density (RD) and are given by:
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where D® is given by the additive decomposition of the symmetric part of the velocity gradient as
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and the increment in stress is given by
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The plastic strain rate D P can be determined from the stain rate potential (5) by differentiating it with respect to the
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The dilatation rate is given by tr(p*)and the rate of change of relative density is given by

RD =-RDtr(D") (13)

A first order forward Euler integration scheme is adopted and the constants a and b, the stress, plastic strain rate and
the relative density, are updated through (7), (8), (11), (12) and (13) respectively. The symmetric part of velocity
gradient D and the rotation tensor B from the previous time step are taken to update these variables.

The model introduces the relative density dependent parameters a and b so that the effect of pressure on the measure
of yield stress vanishes when the powder is fully consolidated. The variation of a and b with the relative density is
shown in the Figure 2.

In order to determine the appropriate constant A and the creep exponent n which are used with the model, we
compare the Duva and Crow model with the Gurson model in pure compression and simple shear for a medium with an
initial relative density of 0.9. It should be noted that the form of the yield conditions used in the two models are
significantly different from each other, one having trigonometric terms and other being purely polynomial. Another key
difference is that the base material is rigid-plastic in the Gurson model whereas it is nonlinearly viscous in the Duva and
Crow model.
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Figure 2. Variation of variables a and b with relative density. It can be noted that a goes to 1 and b
goes to 0 as relative density goes to 1 giving the Von Mises criterion.
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Figure 3. 3-D Schematic of the ECAE die with a can and powder. The Figure 4. Schematic of the ECAE process. Note that the
surfaces where the die walls slide with the can are shaded bottom slides with the work piece.
lighter in color and marked frictionless.

3. Details of the experiments and modeling
3.1. Experiments

The experiments were carried out for compacting micron sized copper powder with a size distribution of 10um to
45um using ECAE by placing it in a pure copper can. The can and die used in the experiments are of square cross
section with 2.5 cm side. The can has a hole of 2 cm diameter in the center which was filled with the powder. The total
length of the can is 10 cm and the hole is of length 5 cm and are schematically shown in Figure 3. During the extrusion,
the bottom portion of the die and the side walls of the inlet channel slide with the work piece undergoing the extrusion
to reduce the friction. This arrangement is schematically shown in Figure 4. It should be noted that these extrusions
were carried out at room temperature to prevent dynamic recovery/ recrystallization and grain growth.

Figure 5 shows the section of the extruded can with powder after 1 ECAE pass, sliced longitudinally from the
center, where the region containing the powder is demarcated using the dotted line. It should be noted here that in the
results section for the 3-D simulations, only the region containing the powder, bound by the dotted line will be shown.
It can be seen that the bottom portion of the powder is not fully compacted. Also through Optical microscopy, the shear
angle of the compacted powder was determined to be 26.4 degrees.

3.2. Finite Element Simulations

The 2-D and 3-D Finite element simulations for the ECAE process were performed using the finite element package
ABAQUS/Explicit (Abaqus Inc., 2004). The model consists of three key components, the die, the can and the powder
core as seen in Figure 3. Details regarding the material constitutive equations, boundary conditions and surface
interactions etc are provided in the subsequent sections.

Figure 5. Middle section of extruded can with powder. The compacted powder is marked with the dotted outline.
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3.2.1. Material properties

The ECAE die is modeled using a rigid surface. For the copper can, a linear hardening elastic-plastic material model
is used with Young’s modulus of 124 GPa, initial yield stress of 80 MPa which hardens to 300MPa. For the powder, the
two models described earlier are implemented. The Gurson model is built into ABAQUS. To implement the Duva and
Crow model, the user subroutine VUMAT (Abaqus Inc., 2004) is used. In both these powder models, the same material
properties of copper are used.

3.2.2. Surface Interactions

Two key interactions need to be modeled in these simulations, namely the interactions between the can and the die
and between the can and the powder. The interaction between the can and the powder is modeled using hard contact and
forcing the condition that the powder sticks to the can material. In the tangential direction, frictionless contact is
assumed. This seems reasonable because macroscopically, there is very little relative motion between the can and the
micron size powder.

In the case of the interaction between the can and the die, for the faces where the walls of the die slide with the work
piece, a zero coefficient of friction is assumed. On all other walls, a friction value of 0.08 is applied. This value was
determined by running the 3-D simulations for a solid billet and then comparing the macroscopic properties of the billet
and the loads applied at the punch obtained from these simulations to those observed during the experiments. This is
described in detail in the “validation” section. In the normal direction, the contact is modeled so that the can material is
free to detach from the die material after coming into contact.

3.2.3. Extrusion Rate

The experiments were conducted at an extrusion rate of approximately 0.1 in/s. For a regular dynamic explicit
integration scheme, simulations at this rate would take very large computational times. To reduce the convergence time
associated with such simulations, we introduce the concept of mass scaling in our model. The concept of mass scaling
has been used in the past (Olovsson et al., (2005); Smith et al., 2004) to reduce convergence times in explicit finite
element simulations. A mass scaling factor of 100 is used in the simulations. This choice is made so that the inertial
effects due to the mass scaling do not affect the results of the simulations.

3.2.4. Validation

A key step is to validate the finite element model with the experiments, to assure that the boundary conditions (such
as the friction coefficients, the contact conditions etc) and the constitutive model for the solid material are reasonable.
These validations were performed for the extrusions with a solid billet. A copper billet with an original rectangular grid
inscribed at the center of the billet after splitting the billet longitudinally into two was extruded through ECAE. The
corner angles this gird made after the extrusion were compared to the angle made by the simulated elements of the
mesh. In addition, the major geometric parameters such as final length, shape and the punch load etc were compared.
Another step in the validation was to extrude an empty can (without the powder) and compare the experimental shapes
to the simulations. With these steps, the boundary conditions were optimized and it was determined that the boundary
conditions and constitutive equations for the solid material described earlier were reasonable.

3.2.5. Back Pressure

Back pressure technique is a modification to the ECAE process where a counter pressure is applied to the leading
edge of the workpiece as it emerges out of the exit channel. This method has been used to achieve better workability
and more uniform microstructures in bulk billets as presented by Stolyarov and Lapovok (2003). Simulations using
back pressure have been performed and have shown that back pressure produces higher and more uniform shear strains
in bulk materials (Oruganti et al., 2005).

3.2.6. Multiple Passes

A key advantage of ECAE is that the cross section of the workpiece does not change after the extrusion. Thus it can
be extruded again through the same die multiple times to accumulate higher and higher plastic strains. This process has
been shown as an effective way to achieve strain hardening and accumulate higher plastic strains in bulk materials,
through simulations by Baik et al. (2003). During powder compaction through ECAE, it has been shown as an effective
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Workpiece

Figure 6. Die design for 2-Pass ECAE with 180° rotation of the workpiece about the longitudinal axis.

means to achieve full compaction. A comprehensive study by Karaman et al. (2006) has shown that a 2 pass ECAE to
consolidate powders not only gives better consolidation but also considerably affects the material characteristics of the
consolidated solid. The effect of 2 passes will be studied here through 2-D simulations. The die designed to simulate the
multiple passes is shown in Figure 6. In the first step the top surface is given a downward velocity and in the second
step, the surface to the left is given a horizontal velocity to the right. This motion is equivalent to rotating the workpiece
by 180° about its central axis and passing it through the die again for the second pass.

3.2.7. 2-D simulations

The main goal of the 2-D simulations is to compare the results obtained from the two powder constitutive models
and to compare the same with the results from other literature. The 2-D simulations are carried out using the plane strain
condition. The simulation was done considering a work piece consisting entirely of the powder material. This is not
possible practically because without a container the powder will flow, but the theories considered here assign tensile
strength to the powder material. This situation is almost equivalent to putting the powder in a thin walled can and
passing it through the ECAE die. The can was not considered in these simulations to reduce the computation cost
required due to the additional interaction between the can and the powder.

3.2.8. 3-D simulations

The key goal of the 3-D simulations is to model the powder compaction through ECAE process accurately and to
study the kinematics and stress states during the compaction process in detail. The results from the simulations can be
used to explain some of the phenomena observed in the compaction experiments.

4, Results

4.1. 2-D simulation results

The main purpose of the 2-D simulations was to study the efficacy of the powder material constitutive models to
model the ECAE process under relatively simple simulation conditions. In these simulations, we started with a powder
of relative density of 0.8. The key results discussed in this section are the comparison of the kinematics and the stresses
obtained from the 2 constitutive models as the work piece is extruded.

Figures 7 and 8 show that both models predict almost full densification is achieved near the inner corner of the
intersecting channels. The densification profile and the final shape of the work piece are similar for both models. It
should be noted that in Figure 7, Void volume fraction is plotted whereas in Figure 8, Relative density is plotted (It
should be noted that the color codes in both the figures correspond to same relative density). To further study the stress
states in the material and compare them for the two constitutive theories, we select an element from the mesh which is
about at the center of the work piece. For this element, we track its volume, the relative density and the stresses as it
undergoes the extrusion. Figure 9 shows the sequence of the configurations of the work piece as it passes through the
die. The element that is selected for analysis is marked in dark.

From Figure 10a, we can see that the volume of the element decreases continuously until it passes through the
corner completely. Once it passes through the corner, there is no change in the volume after the powder enters the exit
channel and the material does not consolidate further as also seen from Figure 10b. The reason for consolidation before
entering the bend is clear from Figures 11a and 11b where we can see that a high hydrostatic pressure is built in the
material before it enters the corner zone.
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Figure 7. Final shape and contours of the Void Volume Fraction — Gurson Model. The dark blue
regions are fully consolidated and the red region shows least consolidation.
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Figure 8. Final Shape and Contour for Relative Density — Duva and Crow Model. The dark blue
regions are fully consolidated and the red region shows least consolidation.
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Figure 9. Sequence of the shape evolution of 2-D powder medium during the ECAE predicted using Duva and Crow model
(selected element is marked dark). T=0 is the initial state of the workpiece and T=30 is fully extruded.
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Figure 10b. Relative Density of the selected element. It can be seen
that most of the consolidation takes place before the element enters
the corner (T<10) and no consolidation takes place after it has passes
through the corner region (T>20)
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Figure 1la. Mises stress, hydrostatic pressure (negative mean Figure 11b. Mises stress, hydrostatic pressure (negative mean
normal stress) and relative density (the Gurson model). It can be seen  normal stress) and relative density (Duva and Crow model). It can be
that a high hydrostatic pressure is developed before the element seen that a high hydrostatic pressure is developed before the element
passes through the corner, resulting in most of the consolidation. passes through the bend, resulting in most of the consolidation.

From these figures, it is clear that both models predict similar stress response for the powder. Although there are
subtle differences in the stress and relative density predictions, the stresses conditions in the material leading to
consolidation are the same.

In the previous literature, Yoon and Kim (2006) had shown through simulations that the powder solidifies fully
before it enters the corner and the deformation in the corner is simple shear. On the other hand, our 2-D simulations
show that the powder does not fully compact before it enters the entry channel especially around the bottom portion of
the work piece. This result is encouraging because the experiments showed similar uncompacted region in the bottom
region of the powder compact.

4.2. Results for two passes

Figure 12 shows the contours for the relative density obtained through a 2-D simulation starting with a relative
density of 0.8. The contour after 1 pass is shown in Figure 8. It can be seen that the whole region (except the two
ends) is fully consolidated. Figure 13a shows the deformed elements after 2-Pass ECAE. The elements (away from
the ends) tend to go back to their original rectangular shape because of reversal of the shear strains, but the original
rectangular grid is not obtained because of combined compression with the shear deformation. Figure 13b shows
the deformation of the workpiece at an intermediate time step while undergoing the second pass. Notice that the
shear in the elements is reversed in the shear deformation zone.

In Figure 14, the relative density of an element is plotted with respect to time. The element for which the relative
density is plotted is marked in gray in Figure 13a. It can be seen that the material in the element is only partially
consolidated at the end of the first pass and then consolidates fully during the second pass. The first pass is represented
by the first 30 seconds in the time scale and the second pass is on the 31-60 seconds. Notice that the during the second
pass, the material in the element does not start consolidating immediately, which is unlike the first pass where the
material start consolidating as soon as the workpiece starts extruding. The material consolidates only when the element
passes through the shear zone.
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Figure 12. Final Shape and Contour for Relative Density obtained from the Duva and Crow Model after two passes.
The dark blue regions are fully consolidated and the red region shows least consolidation.
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Figure 13a. The deformed elements after 2 passes. Notice the elements away from the ends show an
almost complete reversal of the shear.

Figure 13b. The extruded workpiece halfway through the second pass. Notice the reversal of shear in the shear zone.
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Figure 14. The relative density of a selected element (marked in gray in figure 13a) during the extrusion.
Notice in the second pass, the consolidation occurs only in the shear zone.
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4.3. 3-D simulation results

To study the powder compaction process in detail, we first try to compare the 3-D simulations with the experiments
for verification. For this we compare the distribution of the relative density of the compacted powder macroscopically
and the angle by which the particle boundaries shear. After the validation, we try to explore the reasons for the
incomplete compaction in certain regions.

Figures 15 and 16 show contours for the void volume fraction and the relative density, respectively, at the middle
section of the compacted powder. In these simulation results, we can see that the leading and the back corners of the
powder core shows almost no densification. This anomaly might be because of the type of boundary condition applied
which requires that the powder stick to the walls of the can. Also in Figure 16 we can see that the Duva and Crow
model predicts the location of the unconsolidated cavities more precisely. The angle measured from the OM pictures
was 26.4 degrees. The angle obtained from the simulation using the Gurson model is 28.4 degrees and using the Duva
and Crow model is 27.6 degrees.

From the Figures 6, 15 and 16, it can be seen that the bottom portion of the powder does not fully consolidate. To
further study this phenomenon and make comparisons of the stresses in the top and bottom parts of the powder in the
can, we select two respective elements: one from the top (element A) and another from the bottom (element B) from the
powder space. For these two elements, using the Duva and Crow model, we plot the stresses and the porosity evolution
as they undergo the extrusion. The positions of the two elements at various simulation times are shown in Figure 17.

From Figures 18a and 18D, it is clear that the magnitude of hydrostatic pressure developed before passing through
the corner in element A is much higher than the hydrostatic pressure in element B (maximum of 550 MPa compared to
350 MPa). Thus the densification rate is higher in the element A. Also it can be seen that in element B, the powder
undergoes very little densification even after it has passed through the corner. The difference in the hydrostatic pressure
between elements A and B can be attributed to bending of the can when passing through the bend. Several strategies
could be employed to reduce this difference, for example, use of a can of stiffer material, back pressure etc.

4.4. Simulations with Back Pressure

From the results discussed above, it is clear that the lack of compaction in the lower portion of the powder may be
because of the lower hydrostatic pressure levels developed in this region. To overcome this, application of back
pressure could give adequate hydrostatic pressure to the material in the lower region for complete compaction. The
approach to apply back pressure should be chosen in such a way that it is experimentally feasible to apply and leads to
the desired results. For this reason a constant back pressure of 200 MPa (which is equal to the difference in the
hydrostatic pressure between elements A and B) is applied to the lower region of the workpiece which is schematically
shown in Figure 19.

Figure 20 shows the result of the simulation performed using the Duva and Crow model with back pressure applied.
It is clear that the powder at the bottom region is fully compacted now as compared to Figure 16, which is the
simulation without back pressure. It can also be seen that the bottom portion of the leading edge of the compacted
region is pushed back because of the back pressure as compared to the simulation without back pressure shown in
Figure 16.

To study the evolution of the stresses in the bottom region, the element B is selected and the stress components are
plotted in Figure 21. The hydrostatic pressure developed is not significantly higher than the simulation without back
pressure (Figure 18b). But the drop in hydrostatic pressure after passing through the corner is significantly reduced,
which results in continued compaction after passing through the corner zone.

4.5. Comparison of loads to compact the powder through ECAE vs. loads through pure compression

At this stage we would like to make a remark on the maximum loads required to carry out the compaction of the
powder. In this section, maximum loads required for 3 methods are compared. 1) ECAE without back pressure, 2)
ECAE with back pressure and 3) uniaxial compression. The loads required for the former 2 processes are readily
available through the simulations carried out, as described in the previous sections. For the 3™ process, a routine
simulation is carried out, using the Duva and Crow constitutive model for a powder material with the same dimensions
as the powder extruded in the can during ECAE.

The maximum load required to carry out the ECAE without back pressure is 298.2 KN. The load during the ECAE
with back pressure is 362.4 KN. The load required to compact the powder through compression is 478.7 KN. This
shows that the loads required to compact the powder through ECAE are significantly lower than those required during
compression.
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Figure 15. Void Volume Fraction predicted by Gurson model. The dark blue regions are fully consolidated and the red region shows least
consolidation.
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Figure 16. Relative Density predicted by Duva and Crow model. The dark blue regions are fully consolidated and the red region shows least
consolidation.
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Figure 17. Position of Elements A and B at scaled times 1, 4, 8, 12, 16, 20. T=1 shows the elements as
the extrusion starts and T=20 shows the elements when the can is fully extruded.
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Figure 18a. Mises stress, hydrostatic pressure (Negative Mean
Normal stress) and relative density for Element A. It can be seen that
a high hydrostatic pressure is developed before the element passes
through the corner, resulting in most of the consolidation.
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Figure 18b. Mises stress, Hydrostatic pressure (Negative Mean Normal
stress) and Relative Density for Element B. It can be seen that a high
hydrostatic pressure is developed before the element passes through the
bend, resulting in most of the consolidation.

Workpiece

Back Pressure

Figure 19. Schematic showing the application of a back pressure to the lower region of the workpiece during extrusion.
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Figure 20. Relative Density predicted by Duva and Crow model for ECAE with Back Pressure. The dark blue
regions are fully consolidated and the red region shows least consolidation. It should be noted that we get improved

consolidation in the bottom region.
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Figure 21. Mises stress, hydrostatic pressure (Negative Mean Normal stress) and relative density for
Element B with back pressure. It can be seen that the drop in hydrostatic pressure after passing through the
bend is not as significant here as it is without back pressure, resulting in better compaction.

Conclusions

In the present study, the process of powder compaction through ECAE was simulated using the finite element
package ABAQUS. For the constitutive behavior of the powder, two models were implemented, the Gurson model and
the Duva and Crow model. The results from the 3-D simulations which mimic the experimental conditions were used to
understand the compaction behavior and explore the possibility of improving the compaction by using back pressure in
the process. Some key conclusions drawn in the process are listed here.

1: The powder compaction models, Gurson model and the Duva and Crow model, predict similar response for the
compaction through ECAE.

2: In the 2-D simulations, we see that the powder near the inner corner consolidates almost completely whereas the
powder at the outer corner does not. It is observed that majority of the compaction takes place before the powder enters
the bend due to the high hydrostatic pressure developed there. The 2-D simulations are not enough to predict the
response of the powder compaction in a can, thus requiring full scale 3-D simulations.

3: Through 2-D simulations, we see that multiple pass ECAE is a very effective way of achieving uniform and
complete densification in the center of the workpiece.

4: In the 3-D simulations, the Duva and Crow model predicts the compaction more accurately to the experiments
than the Gurson model.

5: From the experiments and the 3-D simulations it can be observed that the powder in the can near the outer edge
does not consolidate completely. The reason for this as seen from the simulations is the higher hydrostatic pressure
developed near the inner corner.

6: Tt can be seen through simulations that application of back pressure is an effective means to achieve uniform
compaction over the whole region.

Future work using the simulation methodology developed in this work can include carrying out a parametric study
to optimist the process design variables like back pressure, friction between the walls of the die and the can, the rate of
extrusion, can dimensions and shape, can matrial and number of passes etc

Another key aspect in understanding the compaction process is to study the bonding between the individual
particles, which is a micro scale problem and thus cannot be tackled at this scale. To study the bonding, plastic
deformation and diffusion phenomena at the particle level, the displacement and stress results from the simulatons in
this work at an element level can be used as input to develop microscale models.
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