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Fundamental Analysis of Cold Die Compaction of
Reinforced Aluminum Powder
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Abstract— Aluminum Matrix Composites (AMCs) are used
in many automotive and aerospace applications. The aluminum
reinforced composites powder is compacted at room
temperature or at elevated temperature according to the
required properties of the product. In the present work, simple
analytical model is used to elevate the green density as a function
of the applied pressure in die compaction. Aspects die ratio as
well as friction between wall and powder and powder itself are
considered in the analysis. Experiments are performed on die
compaction of Al-4Cu metal matrix composites. The results of
the experimental finding are compared with the predicted
results obtained from the simple model introduced.

Index Terms— Powder metallurgy, green density,
theoretical density, Al-4Cu alloy.
. INTRODUCTION

Powder Metallurgy (PM) is defined as” the production of
engineering components from metal powder without passing
through the molten state” [1]. PM technique has been capable
of processing a broad spectrum of materials for a wide range
of applications, from automotive to power transmission tools,
aerospace and house-hold applications. PM was proven to be
a sound technique for producing Metal Matrix Composites
(MMCs) which have been regarded as excellent engineering
material candidates for meeting service properties such as
high specific strength, toughness, stiffness, wear and
corrosion-resistance. The MMCs consist of a monolithic pure
metal or alloy as a matrix, and different type of materials like
monolithic metals, ceramics or intermetallics. Reinforcement
is introduced to the matrix in the form of fibers
(continuous/short), whiskers, or dispersing partials. Choice of
particle-reinforcement over other types (fibers or wiskers) is
due to their isotropic properties and low cost [2, 3].

Generally P/M components can be produced by two
techniques, firstly cold compaction following by sintering or
secondly forming operation like extrusion in order to obtain
bonding between particles and getting the required properties.
Secondly is hot compaction which requires to heat metal
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powder before compaction. Normally metal powders die
compaction consists of number of stages, firstly initial
compaction which involves particles rearrangement.The
physical properties such as, particles size and shape are
greatly influence this initial stage. This is followed by the
elastic-plastic deformation, and here the mechanical
properties and the quality of the particles are important
factors, which control the compressibility behavior of the
powder. The final stage of compaction is almost totally an
upsetting of the bulk material.

There are multi models describe the plasticity behavior of PM
during compaction, among these plasticity models Kuhn and
Downey [4], Shima and Oyane [5], and Fleck-Gurson [6, 7].
They express the hydrostatic and deviatoric stresses in terms
of the yield stress of the solid material and the yield stress of
the partially dense material found in a part during compaction.
The second family of plasticity models is for granular
materials. These models include Drucker-Prager [8],
Mohr-Coulomb, and Cam-Clay [9] among others. Granular
models are suitable for all stress and strain paths, not just
particular loading paths. The most used model is
Drucker-Prager cap model (DPC) [10].

Il. THEORETICAL POWDER COMPACTION BACKGROUND

Most properties of a PM part are closely related to its final
density. Density is expressed as relative density (RD), which
is defined as the ratio of green density to theoretical density as
given in Eqg.1 [11],

RD =—% 1)

where pq and py, are green and theoretical density respectively.
In practice, PM parts less than 75% of relative density
considered to be low density; those above 90% are high
density; and those in between 75% and 90% are considered as
medium density [11].

By analyzing a small element of a compacting powder sample
as shown in Fig. 1.a, the axial stress can be related to the
compacting pressure. The analysis assumed axial symmetry
and take into account the geometry of the element.

Both the radial stress and the coefficients of friction were
assumed to be constant [12].
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Fig. 1 Schematic diagram of compacting tools and stresses on
compacted element [12].

The equilibrium of the disk element shown in Fig. 1.b gives
the equilibrium equation in Z direction. Since there is no
change in the diameter of the compacted powder, by using the
expressions of levy misses for plastic flow of metal, it follows
that the state of stresses ,=0,. Using the von misses criterion
for the effective stress of the bulk material (7 ), EqQ. 2 is
obtained,

. B, (H-1T)
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where P,, H, z, s, L are the compact external punch pressure
applied by the punches from both ends simultaneously, the
instantaneous height of the compact cylinder, current height
of the element , die radius of container and coefficient of
friction  between  powder/wall  container interface
respectively. The effective stress during compaction as a
function of the yield strength of the bulk material ( ;7 ) can be
calculated from Eq. 3 taken into account the internal friction
between particles (l;) and the geometry of the particles,
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where oy is the yield stress of the bulk material and A is the
shape factor of the particles. This ratio (A) characterizes the
surface configuration of the particle, where the surface area of
the particle is compared with some linear dimensions [13, 14].
The theoretical green density for a compact at any
compression stage is a function of the compacting pressure,
the friction between powder and die wall as well as the
friction between powder particles and the die geometry can be
obtained by Eqg. 4. In the present analysis the radial stress and
friction coefficients are assumed to be consists.

po= P+ (ppp)(1-e =) (4)
where p, is tap density.

I1l. EXPERIMENTAL PROCEDURE

Aluminum powders (99.9% purity, =25 pm mean size) were
mixed by shaking with 4wt. % copper powders (99.9% purity,
~ 10 mean size).The powder was poured into a die cavity of
20 mm in diameter and 90 mm in depth made of QRO 90
Supreme. Die compaction is carried out on a Shimazu
universal testing machine which has 200 ton (2 MN) capacity.
The compaction method was a single action die method. The
die was lubricated with graphite in order to reduce friction

between die and die wall. The upper punch was brought into
contact with tapped powder in the cylinder.

This was followed by applying an axial load, which caused
the powder to be compressed, and subjected to high
compressive stresses. At the end of the compaction stroke, the
upper punch was removed and the green compact was ejected
out of the die.

The green density (mass per unit volume of an un-sintered
compact) was determined by measuring sample dimensions
and mass using a micrometer and digital balance respectively.
Cold compaction processes were followed by measuring the
height and the density for each of the compacted discs. After
compaction, sintering processes were carried out by using
electric furnace. The sintering was performed by heating the
discs at 580 ‘C for duration of 2hrsafter that, the discs were
left to cool to room temperature in the furnace. Ageing
process at 165 °C for 2hrswas applied as a second sintering
and left the discs to cool in the air [15].

IV. RESULTS AND DISCUSSION

Several empirical and semi-empirical expressions relating
pressure and relative density during compaction of metal
powder had been proposed, this is due to the complexity of
the dynamic variation of the parameters during the
compaction making it extremely difficult to establish
relationships between the process variables.

From Eq. 4, it can be revealed that the green density depends
on the powder properties, geometry of the compacted sample
and process variables. From the present analysis, the green
density can be predicted from Eq. (4) by knowing the tap and
the bulk material densities, geometry of the initial and final
compacted powder and the effective compressive stress of the
bulk, friction conditions, and by incrementing the applied
pressure values. This finally leads to the theoretical plot of the
green density at any applied pressure stage. The theoretical
green density relates to compacting pressure according to Eq.
(4) for Al-4Cu alloy as shown in Fig. 2a and it increases with
increase the compacting pressure. Fig. 2b shows a comparison
between the theoretical and experimental values of green
density carried out at different height to diameter ratios (h/d)
of al-4cu alloy as a function of compacting pressure. For all
compaction tests, green density increases monotonically with
increasing pressure, but the slope of curves decreased,
indicating a lower compressibility at higher loading in the
studied pressure range. Also it can be realized that, the
theoretical predictions from the model showed reasonably
good agreements with experimental data at the different
values of h/d.

The compaction of powders has been indicated to be a
three-stage process [16]. At the initial compaction stage
(0-50MPa), particle re-arranged which occurs at the very
beginning of compaction and does not contribute significantly
to the densification of spherical powders. At the second stage
(50-225 MPa), the cold compaction behavior exhibited high
densification rate detected from the steeper slope of the initial
compaction curve. This may come from the fact that the
inter-particle open pores of loose randomly packed
aggregates were greatly reduced. During this stage, the
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particles are flattened and brought closer to form additional
contacts.
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Fig. 2 (a) theoretical green density for Al-4Cu alloy,
(b) Comparison between theoretical and experimental green
density for Al-4Cu alloy.

The rate of increase in density values at higher loading
(225-900 MPa), as revealed from the plots of Fig. 2b, was
found to be apparently less, due possibly to the friction
between the particles increased with the increment of applied
pressure and the refinement of particle size, which hindered
the compression of the powder, leading to the sluggish of
densification rate.

Accordingly, increasing the compacting pressure can assist all
three porosity reduction mechanisms (movement of particles
into voids, deformation of particles, and flatting of the
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microscopic and submicroscopic features on the particle
surface). As compaction pressure increases, the distance
between powder particles gets closer and the destruction of
the oxide layer on the surface of powders is accelerated,
resulting in increased green density [17].

Cold compaction processing at pressure of 450, 600 and 900
MPa revealed an increase in the relative densities and a
decrease in the porosity of Al-4Cu alloy cold compacted
discs. On the other hand, decreasing the value of aspect ratio
h/d from 1.5 to 1 for the alloy resulted in decreasing the
percentage of porosity accompanied with increasing the
relative density of the Al- 4Cu discs as shown in Fig. 4.
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Fig.3 (a) Theoretical for Load-Displacement diagram Al-4Cu
alloy,

(b) Comparison between theoretical and experimental
Load-Displacement diagram for Al-4Cu alloy
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Fig.4 Relation between the relative density, the porosity and
compacting pressure at different h/d ratios for Al-4Cu alloy.

Accordingly, the mechanical properties of any product via
powder metallurgy technique are dependent on the porosity
within the obtained product. Moreover, the density of PM
product is a basic criterion for the evolution of the soundness
and hence mechanical properties of the product.

Fig.5 shows the relation between the Hv-values and
compacting pressure at different h/d ratiosforAl-4Cu alloy.
From Fig. 5, it was clear that, increasing of the compacting
pressure resulted in a significant increase in the Hv-value of
the cold compacted discs. Moreover, decreasing the h/d ratio
from 1.5-up to-ldemonstrated an additional improvement in
the Hv-value of the Al-4Cu alloy discs.

The most important data deduced from the compression test
is the compressive strength, since it reflects the overall
mechanical behavior of the AI-4Cu alloy discs cold
compacted at different processing parameters. Moreover, the
compression test provides an indication of the level of
ductility as introduced by El-Domiaty et al. [18].

The compressive properties of Al-4Cu alloy processed at
different h/d ratios as a function of compacting pressure were
presented in Fig.6. From Fig.6 it can be concluded that,
increasing the compacting pressure resulted in an increase in
the yield strength (YS) of the cold compacted discs.
Moreover, decreasing the value of h/d resulted in increasing
the yield strength (YS) of the Al-4Cu alloy discs. A similar
trend was recorded for the compressive strength.
Accordingly, the improvement of the hardness and the
compressive strength can be attributed to the enhancement of
the density due to increasing the compacting pressure or
decreasing the h/d ratio.
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Fig. 5 Plotting of the Hv-values as a function of compacting
pressure at different h/d ratiosforAl-4Cu alloy.

Representative micrographs at center of Al-4Cu alloy discs
compacted at different compacting pressure shown in Figs. 7.
All micrographs were taken in the as-polished and etched
condition at a magnification of 50x.0Observation of
micrographs indicated that at the lower compaction pressure,
the compacts were relatively porous.

The copper particles present within the structure were
significantly less deformed into aluminum matrix. It was
visible that the cold compacted samples showed irregular
particle shape and inhomogeneous particle size distribution
after compaction, with a number of pores still remaining,
which also varied considerably with different pressures.

During sintering of Al alloy, the solid state diffusion of Cu
takes place into Al, and the solubility of Cu reaches up to
5.8% at temperatures above 548 °C [17]. When Cu is
saturated in o (Al) phase around 600 °C, Cu in the liquid
phase does not solute into Al but form Cu-rich phase. This
Cu-rich phase moves to inter-particle spacing or to grain
boundaries so that the densification can be achieved. In the
Al-4Cu alloy, Fig. 7 shows Cu-rich phases in grain
boundaries which aid the densification during sintering.

As the sintering temperature reach 548 °C the Al-Cu, Al
(e-phase) eutectic is formed at the interfaces of the
neighboring aluminum and copper powder particles [19] and
it facilitates the decomposition of aluminum oxide. This
promotes interparticale diffusion of Al powders and enhances
the mechanical properties of the sintered compacts.
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Fig. 7 OM Micrographs of Al-4Cu alloy cold compacted at (a, b) 450Mpa, (c, d) 600 MPa
and (e, f) 900 MPa with different h/d of (a, c, €) h/d=1.5, (b, d, f) h/d=1, 50x.

V. CONCLUSION

Powder compaction is influenced by multi factors. The major
factor is the compacting pressure. Increasing the compacting
pressure leads to increasing densification and reducing voids
between particles. As the compacting pressure increases, the
green density, relative density and mechanical properties such
as yield strength and ultimate tensile strength increase.
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