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Abstract The finite element analysis (FEA) has become an effective way to numerically simulate strength
distribution in a powder metallurgy (P/M) compact. A 2-D Finite element model is carried out to simulate the flow
behaviours of green aluminium powder compacts. The complicated case of green aluminium powder makes it is
difficult from metalwork point of view to get analytical or empirical model to predict the compacts strength.
Therefore, Cold Compression test is simulated using the 2-d model with ABAQUS software for compacted
aluminium plate. Moreover, fracture toughness of the compacted aluminium powder is calculated using 2- D J-
integral finite element model implemented into ABAQUS commercial. The results are in good agreement with the
experimental ones and give a valuable graph decrypting the flow behaviour of the green compacts. The calculated
fracture toughness of compacted aluminium powder is nearly 150 MPa~/m.
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1. Introduction

A great variety of engineering application found in
aluminium and its alloy due to their unconventional
properties. Mechanical properties are distinguished by
light weight to strength [1].

Hassan et al. [3] studied effect of ceramic additives on
aluminium alloy 6061 using casting technology. They
concluded that increasing of ceramic additives increase
compressive strength and give good relative tribological
behaviour.

Cunningham et al. [4] build an analytical (continuum
approach) on ceramic, and pharmaceutical powders.
Another study used FE modelling in ABAUS to compare
several available material models to the model based on
Al-6061 alloy powder in both cold isostatic pressing and
die compaction [5].

Ranjit et al. [6] simulated the compaction process to
achieve uniform and high bulk density green parts (parts
do not have sintered yet). A material model (Cam-Clay)
which can capture the particle re-arrangement under
compaction process has been adopted. An axi-symmetric
analysis has been followed on 601AB aluminium alloy
powder with initial apparent density as 40%.

Finite element method simulation for a torsional upset
forging process [7] is carried out. Stress and strain
distribution and forging load are obtained experimentally
and compared with the finite element model. It is observed
that magnitude of non-homogeneous deformation, dead

metal zone and upset force, are decrease because the
friction factor and rotation speed are increased.

K.T Kim and J.H Cho [8] investigated the consolidation
behaviour of mixed copper and tool steel powder under
cold compaction process using Finite element analysis.
The results showed that the yield functions mixed by the
fraction of contact implemented in finite element analysis
agreed better than those by volume fractions of Cu powder
with experimental data.

Fleck [9] developed a constitutive model for Stage |
cold compaction of powders under general loading. The
evolution of anisotropy under general loading was
described using an internal state variable model. The
results were in good agreement with the experimental
observation.

Martin et al. [10] used discrete element models (DEM)
for powder compaction. They showed that DEM results
were consistent with micromechanical models for isostatic
loading, as the shear strain is increased, but with
differences occurring. Many other models [11-16]
investigate the powder compaction techniques and effect
of compaction parameters.

Mohammed et al. [17] investigated the wear properties
of hot extruded reinforced aluminium powder compacted
at elevated temperature while the mechanical
characteristics were investigated in [18].

Korim et al. [19] investigated the porous titanium
mechanical properties using curashable finite element
model. The results were in good agreement with the
published experimental data.
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Mohammed et al. [20] studied fracture toughness of
compacted layered material. It was achieved that FE was a
good technique to simulate fracture toughness of layered
material.

Y. Mohammed et al. [21] constructed FE simulation to
model flow behaviour of reinforced aluminium powder
compacts. The results were accurate good.

The aim of the present study is to measure compressive
strength of green aluminum powder compacts and its cold
fracture toughness.

2. Material Behavior and Characterization

A commercial aluminium metal powder with a mean
size of 80 grit/inch supplied by ADWIC code number
8010075, molecular weight of 26.98 is used for all
specimens as a matrix (base material). Figure 1 shows the

powder particles shape. Table 1 shows the mechanical
properties of the used compacted aluminium plates.

Figure 1. Photograph
macroscopic (x40)

illustrate powder particles under optical

Table 1. Mechanical properties of the tested materials

Test Material Compaction velocity, mm/min

Modulus of Elasticity, GPa

Yield strength, MPa Ultimate strength

Aluminium 5 500

53.56 92

The compaction velocity was 5 mm/min. The process
continues to the maximum compaction load value then the
load is released. The details of the manufacturing process are
not the study case and it is completely described in [18].

To know how the materials, behave under loading,
compression test is carried out to obtain the engineering
stress-strain curves of the aluminium powder compacts.
Figure 2 illustrates the experimental data. The true stress-
strain curves and the described true stress/plastic strain are
used in FEM - domains. The compression test is carried
out at 5mm/min.
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Figure 2. True stress—strain curves of Al-powder compacted

The mechanical properties for the tested materials at
compaction velocity (5mm/min), which were extracted
from the previous figures, can be summarized in Table 1.

The Bauschinger effect is commonly ignored in
plastically theory, and is usual to assume that the yield
stress in tension and compression are the same [22].

3. Constitutive Equations

Generally, there are several options available for
describing the plasticity behaviour. These options can be
classified to bilinear kinematics hardening, multilinear
kinematics hardening and nonlinear kinematics hardening.
The Bilinear Kinematic Hardening (BKIN) option

(Figure 3 a) assumes the total stress range is equal to twice
the yield stress, so that the Bauschinger effect is included.
This option is recommended for general small-strain use
for materials that obey von Mises yield criteria (which
includes most metals). It is not recommended for large-
strain applications. The Multilinear Kinematic Hardening
(KINH and MKIN) options (Figure 3 b) use the Besseling
model, also called the sub-layer or overlay model, so that
the Bauschinger effect is included. KINH is preferred for
use over MKIN because it allows you to define more
stress-strain curves (40 vs. 5). The Nonlinear Kinematic
Hardening (CHABOCHE) option uses the Chaboche
model, which is a multi-component nonlinear kinematic
hardening model that allows you to superpose several
kinematic models [23]. Then the above options constitute
the practical ways to represent the hardening law, which
can be obtained, from the compression curve-for Al-
compacts or tension curve for copper wires defined point
by point can be used as in the present cases in this work.
Stress-strain data representing the material hardening
behavior are necessary to define the model. An
experimental hardening curve might appear as that shown
in Figure 2. Plastic strain values, not total strain values,
are used in defining the hardening behaviour.

The simplest form of linear elasticity is the isotropic
case, and the stress-strain relationship is given the
following strain tensors Eqn. [24].
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The elastic properties are completely defined by giving
the Young's modulus E, and the Poisson's ratio v. The
shear modulus G, can be expressed in terms of E andv as

E

- 2(1+v) @
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Figure 3. Kinematic Hardening(a) Bilinear kinematic hardening, (b) Multilinear kinematic hardening [26]

For large deformations, the first Piola-Kirchhoff stress
tensors is suitable;

P=Jo.FT (3)

Where F is the deformation gradient and J is the Jacobian
determine.

aij = Ciju éKi (4)

Where Cj;y, is the forth order elastic modulus.

For simplicity, the present work simulation is in two
directions, and assuming isotropic elasto-plastic solid.
Thus, the complete model of that solid which subject to
compressive uniaxial loading is the following [25,27]:

E=¢Etép (5)
g =0lE (6)
n
&p -2 (7)
Ky

Where (n) is the material hardening coefficient, K, shear
yield stress.

4. F. E-domain Structure

4.1. Compression Model

For building of F. E programs, there are main points
must be clearly defined to make a real or good simulation
like which is the problem state plain stress or plain strain,
element type, material law for the both fibre and matrix
materials, boundary conditions, etc. For simplicity, a 2-D
problem was chosen with plain stress state. In addition, an
axisymmetric domain was used due to its homogeneity
about the axes. The axisymmetric mesh, which is used for
networking a test specimen with 24 mm diameter and 12
mm height, an 8-node biquadratic plane stress
quadrilateral, reduced integration (CPS8R) was chosen.
CPS8R is used for 2-D modeling of solid structures, it
provides more accurate results for the meshes and it can
tolerate irregular shapes without as much loss of accuracy.
The element is defined by eight nodes having two degrees
of freedom at each node: translations in the nodal x and y
directions as shown in Figure 4 the element has plasticity,

creep, swelling, stress stiffening, large deflection, and
large strain capabilities. The number of elements was
reached to 624 elements for the axisymmetric meshes.
Figure 5 indicates the position of the used boundary
conditions. The lower platen was fully fixed, while the
upper platen was fixed in the x-direction only. The load i.e.
displacement was applied in y-direction of the upper
platen. As well as, the materials were defined in the F. E-
program through the true stress- true plastic strain curve,
which plotted in Figure 2. Friction between platen
specimen interfaces was defined as a pair of contact body
of constant friction coefficient equal to 0.1.
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Figure 4. Eight-node biquadratic plane stress quadrilateral element [23]
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Figure 5. FE domain with mesh and boundry conditions
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4.2. J-Integral FEM

Compact tension test specimen configuration is used
according to ASTM D 5045 [23]. For complete
description of the test return to [20]. A 2-D FEM of A 4-
node bilinear plane strain quadrilateral, reduced
integration, hourglass control (CPE4R) is implemented.
The FEM domain is shown in Figure 6 a with partition
region A and B and C. The total mesh domain of 624
elements is distributed in case that denser and refine
meshes of 90 elements are in region A around crack tip.
While rest of elements in other specimen regions B, C are

c() 5

a)

coarser (See Figure 6 b). meshing is used swept meshing
technique to generate uniform mesh shape. Seam crack
(crack can be separate) is insert in the FE domain with
singularity of . The loading pins interacts with the
specimen holes using tangential behaviour criteria of
coefficient of friction equal 0.5. the loading pins is
selected as discrete rigid wires. The model with
interactions are shown in Figure 7 a. The history output is
let to calculate J-integral for 5 contours. The boundary
conditions are illustrated in (Figure 7 b).

b)

Figure 6. FEM domain a) part domain, b) Mesh domain

Singularity direction

x=0
Y= Ay
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Figure 7. FE domain a) interaction, b)B. C

5. Results and Discussion

The Finite element simulation is performed to predict
flow curve compared with the corresponding experimental
ones and the stresses and strains contours also indicated.
The program subroutine is controlled to stop at the
beginning of failures for all examined specimens. Figure 8
examine whether the F.E M predicts well the compressive
strength of aluminium powder compacts. It is observed
clearly that the finite element method is reasonably agreed
with experimental data and it should be noted that there it
should be note the flow behavior extended to the failure

strain due to damage criteria of hardening material
plasticity implemented into the FE subroutine. which give
good deference between that in other workers [21]. In
addition, case of friction is not the same in the
experimental as the coefficient of friction in the
calculation was assumed to be equal 0.1.

The deformed shapes are shown in Figure 9, while
Von-Mise contours are shown in Figure 10. The barrel
shape is shown, no damage fracture occurs, there is a
harmful shear band extended from the centre of the
specimens to the outer surface, especially with increase of
reinforcement and it is increasing for specimens
compacted at higher compaction velocity, this is due to
stress concentration.
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Figure 8. Comparing true stress-strain curve for Al- compacts
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Figure 9. Von

Mises stress for Al - powder compacts

The surface release energy (G,.) which is an indication
for fracture toughness (K;.), which is measured using FE
J-integral model curve which is shown in Figure 10.
Implementing the obtained value (50 J/mm?) in Eqn 8

The fracture toughnes can be measured as 150M Pa v/m.

®

Kic =JEGc-

The contour fracture is mode | (opening mode) ilustrated

in Figure 11.
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6. Conclusion

Finite element model is an accurate technique to

simulate metal working process.

Compression  flow

behaviours have been simulated in very acceptable results.

The

20

cracks and damage failure are predicted in high

degree of accuracy. Mode | fracture mechanics is achieved
through J-integral FE analysis, with accurate degree
fracture toughness is measured as 150MPa v/m.
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