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Mechanical alloying has come to the fore in fields such as the production of intermetallic
compounds, supersaturated solid solutions, amorphous materials and metal matrix
composites. With this process, composite powders are obtained with characteristics that
are impossible to achieve employing conventional powder metallurgy techniques. In this
work, aluminium powder AA6061 is mixed with silicon and aluminium nitrides in a
conventional mixer and in a high-energy ball mill to obtain composite powders that are
subsequently uniaxially cold pressed and hot extruded. The necessary pressure to extrude
the composite cold pressed powders varies with the powder condition, being lower for the
composite powder conventionally mixed, higher for the composite powder after a short
time of milling, and intermediate after a longer time of milling, due to the morphological
and structural changes typical of the mechanical alloying process.
C© 2002 Kluwer Academic Publishers

1. Introduction
The synthesis of materials by high-energy ball milling
of powders was first developed by John Benjamin and
his co-workers [1] at the International Nickel Com-
pany. They successfully produced fine, uniform disper-
sions of oxide particles (Al2O3, Y2O3 and ThO2) in
nickel-base superalloys, which could not be made by
conventional powder metallurgy methods. This process
is now being used to produce numerous materials and
alloys, including supersaturated solid solutions, amor-
phous materials, intermetallic compounds and metal
matrix composites [2–6].

The process of mechanical alloying consists of re-
peated welding-fracture-welding of a mixture of pow-
der particles in a high-energy ball mill. The central
event is that the powder particles, trapped between
the colliding balls during milling, undergo deformation
and/or fracture. In mechanical alloying of at least one
ductile component, there is an initial stage when de-
formation dominates the process, followed by a stage
in which welding is predominant. After a certain pe-
riod of milling, the powder is hard enough for frac-
ture to dominate. At the end of the process, the powder
reaches a steady state characterised by equilibrium be-
tween welding and fracture [7–9].

The use of hot extrusion in powder metallurgy avoids
the sintering process and results in a full density final
product. Hot extrusion of powders allows a high shear
strain rate, providing a high strength bonding between
particles and a microstructure very similar to that of a
wrought product. In the case of aluminium and its al-
loys, hot extrusion breaks the typical oxide layer that
coats the powder, providing better bonding of the par-
ticles [10]. In MMCs, hot extrusion tends to eliminate
the clustering of reinforcement particles and therefore
achieves a more uniform distribution of particles within
the metal matrix [11].

This work investigates the extrudability of an
aluminium AA6061 matrix composite reinforced with
particles of silicon and aluminium nitrides, mixed in a
conventional and a high-energy ball mill for different
lengths of time.

2. Experimental
AA6061 prealloyed aluminium alloy powder (of
75 µm average particle size) was used as the matrix.
Aluminium nitride (of 8.0 µm average particle size)
and silicon nitride (of 8.6 µm average particle size)
were used as reinforcement particles. Three different
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compositions were performed: 5% and 15% by weight
of AlN and 5% by weight of Si3N4.

The aluminium alloy and the reinforcement powders
were firstly mixed in a conventional low energy ball
mill for 1.5 hours and, subsequently, in a high-energy
centrifugal ball mill (Fritshc Gmbh, Pulverisette 6) for
1.5, 3, 4.5, 6, 8 and 10 h. The ball’s powder weight
ratio was 6 to 1 and the rotation speed was 700 rpm.
1% by weight of Microwax C (Hoechst) was used as
the process control agent (PCA).

The powders were then characterised by scanning
electron microscopy (SEM). Also, the particle size
distribution was determined for selected powders by
LASER diffraction (Malvern, model Master Sizer S,
England); three measurements were carried out for each
sample.

The composite powders were then uniaxially cold
compacted at 300 MPa followed by hot extrusion with-
out canning and degassing. The extrusion ratio was
25 : 1, the temperature was 500◦C, and the extrusion rate

Figure 1 Morphology of the 5% silicon nitride reinforced composite powder after 3 hours of high-energy milling.

Figure 2 Morphology of the 5% silicon nitride reinforced composite powder after 10 hours of high-energy milling.

30 cm/min. The necessary pressure to extrude the ma-
terial was monitored. Reported values of the required
extrusion pressure are the mean of eight tests.

3. Results and discussion
Fig. 1 shows the morphology of the 5% silicon ni-
tride reinforced composite powder after 3 hours of
high-energy milling. The spherical morphology of the
as-received aluminium powder particles has changed
to flat, typical of the beginning of the high-energy
milling process [12]. At this stage, characterized by
the predominance of deformation and welding, when-
ever reinforcement particles come between two or more
aluminium particles, they get trapped on the interfacial
welding boundary and, consequently, get incorporated
into the matrix.

After 10 hours of milling, the process reaches a
steady state in which welding and fracture are in balance
and the particle morphology is approximately equiaxed,
as shown in Fig. 2. At this stage, each particle is a
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Figure 3 Microstructure of the 5% silicon nitride reinforced composite powder after 10 hours of high-energy milling—higher magnification in the
right side.

Figure 4 Particle size distributions for PM6061 reinforced with 5%
Si3N4 for 0, 3 and 10 hours of high-energy milling. Vertical lines refer
to the equivalent diameter size (D50).

composite one produced by mechanical alloying [13],
displaying a fine, homogeneous distribution of the re-
inforcement within the particle. Fig. 3 shows, with 2
different magnifications, the cross section of 5% Si3N4
reinforced composite particles obtained by 10 hours of
mechanical alloying. In the left side, the darker gray
background is the mounting material.

Fig. 4 shows the particle size distributions for 6061
reinforced with 5% Si3N4 for 0, 3 and 10 hours of high-
energy milling. Vertical lines refer to the equivalent di-
ameter size (D50). The particle size distribution of the
composite powder mechanically milled for 3 hours is
wider than the unmilled one, with a significant increase
of D50. This wider shape of the curve is mainly owed to
how the LASER diffraction analyser measures the sizes
of flattened particles. Different values can be obtained
depending on the angle formed between the laminar
particle and the LASER beam. On the other hand, it
can be assumed that the average diameter is really re-
lated to the equivalent diameter size, due to the high
number of particles taken into account for each mea-
surement and the same probability for all the angles.
The wilder shape of the size distribution curve reveals
the laminar morphology of the particle at the begin-
ning of the milling process. A significant deviation to
the right side can also be observed. This deviation and
the increase of D50 are related to the predominance of
welding in this stage of milling.

The particle size analysis of the reinforced powder
milled for 10 hours shows a more symmetric size distri-

Figure 5 Extrusion pressure versus high-energy milling time for the
aluminium matrix composite reinforced with 5% of silicon nitride.

bution, which indicates the equilibrium between frac-
ture and welding mechanisms, and the fact that fracture
consumes larger particles while welding consumes the
smaller ones. Note that the mechanical alloying process
produces, in this case, a significant increase in the parti-
cle size. The particle size analyses of the other powders
show the same behaviour.

Fig. 5 shows the extrusion pressure versus high-
energy milling time for the aluminium matrix compos-
ite reinforced with 5% of silicon nitride. Zero hours of
milling time refers to the low-energy mixed powders,
which are used for comparison. The low-energy mixed
powders show the lowest extrusion process. A maxi-
mum in the extrusion pressure in found for powders
subjected to 4.5 hours of high-energy milling. Further
increases in milling time reduce the required extrusion
pressure.

The pressure required to extrude a monolithic alloy is
a function of material flow stress, temperature, friction,
strain rate, and deformation. The following equation
expresses the extrusion pressure P [14]:

P = KlnR (1)

where R is the extrusion ratio Ai/Af (the ratio of ini-
tial to final cross-sectional area), and K the extrusion
constant for the material. This constant combines flow
stress, friction, and redundant work due to non-uniform
deformation of the material [15]. Theoretically, the
pressure needed to extrude can be divided into three
components: the homogenous work of deformation, the
work needed to overcome the friction, and the redun-
dant work.
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In powder extrusion, the presence of porosity and un-
bonded particles changes the deformation mechanism
significantly from that of a monolithic material. In this
case, Equation 1 does not hold since the yield strength
of the materials changes markedly during the extru-
sion process. Roberts and Ferguson [14] propose the
following equation for powder extrusion:

P = a + blnR (2)

where a is the component that relates to the redun-
dant work (non-uniform deformation) and b is the
component that relates to the homogenous work of
deformation.

The redundant work also includes the process of
forming welds between the particles, breaking welds
and rewelding, during deformation. These phenomena
are closely related to the surface area of the particles,
which depends on the size, size distribution, morphol-
ogy, and surface roughness of the particle powder.

In this work, the temperature, friction, strain rate, and
deformation are constants (the extrusion ratio, rate and
temperature are constant parameters), but not the re-
dundant work. The morphological changes in the pow-
der particles due to the high-energy milling influence
strongly the powder surface area: the spherical as-
received powder particles have the lowest powder sur-
face area, which increases when the particles are flat-
tened, and is then reduced when the mechanical milling
reaches the steady state with equiaxed morphology of
the particles.

Although other powder characteristics that influence
the powder surface area could be acting in the opposite
way, such as the particle size distribution, the differ-
ence in the surface area caused by the morphological
changes is high enough to make this characteristic the
predominant one. The differences between the parti-
cle size distributions of the unmilled powder and the
powder submitted to 3 hours of milling are highly in-
fluenced by the technical of measure. The increasing of
the D50 with increasing milling time should produce a
decrease in the surface area of the powder, which could
contribute to the decreasing of the pressure required to
extrude the powder submitted to longer milling times,
but never would contribute to the increasing of the pres-
sure for the shorter milling times.

Besides, the high-energy milling greatly increased
the particle hardness but it seems not to have the same
influence as the particle morphology on the pressure
required to extrude the powder billet. For short milling
times, both effects, the increasing surface area and the
increasing hardness, contribute to increase the pressure
required to extrude. However, for milling times longer
than 4,5 hours, the decreasing surface area with in-
creasing milling time tends to decrease the extrusion
pressure, while the increasing of the powder hardness,
studied as an isolated phenomenon, would increase the
extrusion pressure. The results demonstrate that in the
investigated composite system, the effect of the surface
area on the extrusion pressure is greater than the effect
of hardness of the powder. Lieblich and co-workers [16]
observed that average particle size (related to the pow-

Figure 6 Extrusion pressure versus high-energy milling time for the
aluminium matrix composite reinforced with 5% and 15% of aluminium
nitride.

der surface area), as well as the extrusion temperature,
strongly influences the extrusion pressure. Less influ-
ence was observed with the extrusion ratio and rate.

Other parameters could also influence the pressure
required during powder pressing, and in the case of the
composite powders analysed in this investigation, the
powders submitted to different milling times reached
different densities after cold pressing at the same pres-
sure, as related elsewhere [17]. However, during the
extrusion of metal powders, a high densification of
the pressed powder is produced in the initial stage of
the process, similar to a hot pressing process, giving to
a material with a nearly full density, but with weak
bonding between the particles [18]. In the subsequent
step, a higher pressure is necessary to flow the mate-
rial. Since the pressure involved in the densification of
the pressed powders is significantly smaller than the
pressure required to flow the material, the differences
between the densities of the cold pressed powders are
eliminated during the initial stage of the extrusion and
should not influence the level of pressure required to ex-
trude the material. Preliminary studies confirmed this
assumption, in which powders were pressed at 200, 300,
400 and 500 MPa, and extruded at constant parameters.
No relations were found between the pressed densities
(from 75 to 90% of theoretical density) and the pressure
required to extrude.

Fig. 6 shows the extrusion pressure versus high-
energy milling time for the aluminium matrix compos-
ite reinforced with 5% and 15% of aluminium nitride.
The tendency observed with the composite powders
reinforced with silicon nitride is also observed in the
composite powders reinforced with aluminium nitride.
As shown in a previous work [19], a higher reinforce-
ment percentage produces equiaxed powder morphol-
ogy in a shorter milling time. After 8 hours of milling,
the composite powder reinforced with 5% of AlN has
a predominantly equiaxed shape, while that reinforced
with 15% of AlN needs only 6 hours of milling to dis-
play the equiaxed morphology. The greatest difference
between the pressure required to extrude the compos-
ite powders reinforced with 5% and those with 15%
of AlN, submitted to the same milling time, occurs at
6 hours, when the composite powder reinforced with
5% of AlN still shows laminar morphology, while the
powder reinforced with 15% of AlN already shows
equiaxed morphology. This corroborates the significant
influence of the powder morphology on the pressure re-
quired to extrude the mechanical-milled powder.
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4. Conclusions
– The mechanical alloying method can produce 5%

silicon nitride and 5% and 15% aluminium nitride
reinforced aluminium alloy AA6061 matrix com-
posite powders with a fine distribution of the rein-
forcement particles within the matrix.

– The extrusion pressure is low for the composite
powder mixed by the conventional process, due
to the spherical morphology and the lower yield
strength, in comparison with the milled powders,
of the as-received aluminium powder alloy.

– The extrusion pressure increases for the composite
powder after short mechanical alloying times, due
to the flattened morphology of the particles at this
stage of the process.

– The extrusion pressure decreases after longer times
of mechanical alloying, due to the equiaxed mor-
phology of the particles typical of the final stage of
the process.
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