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Abstract. This study reports on an investigation of factors affect the process of compacting Al
chips which are used to direct scrap processing through the forward extrusion method. EN AW 6060
chips of different geometry and types were mainly used as the experimental material. The chips were
compacted in a die with a vertical channel (10.3 mm in diameter). To provide a range of processing
conditions, three different weights were selected and compacting was performed under five, different
compacting pressures. The movement of the chips within the die during compacting was analysed
through numerical simulations using Deform 2D software. Study of the compacting process optimal
parameters for increasing the density and enhancing the density distribution were defined. The results
from our study clearly show that optimal conditions are obtained when the proportion of D/h is 1/1.1.
Moreover, it was recognized that in the process of small chips compacting, there was obtained lower
density than in the case of large chips.
Keywords: compaction; aluminium chips; finite element method; porosity.

1. Introduction
In general, primary aluminium processing is one of
the most energy-demanding fields in metal production [1, 2]. Depending on the technology that is applied, 168 GJ or 200 GJ of energy is needed to produce one ton of aluminium, which is 10 times greater
than the energy requirement for steel production [2].
Al products are at present mostly manufactured by
gravity or high-pressure casting, by extrusion and also
with the use of powder metallurgy (PM) methods.
In the final step, it is also necessary to modify the
geometrical parameters of the end product through
machining. In recent years, chips have become a popular commodity for enhancing the efficiency of recycling
process [3]. Re-melting is a well-know method for processing Al scrap [4]. Re-melting reduces the energy
consumption for the whole process of Al production,
but due to the high affinity of Al to oxygen, re-melting
also leads to significant material losses through the
oxidation process in a molten metal [5, 6]. Due to the
large specific surface, the material losses can grow in
the process of re-melting Al chips. For small chips,
the material losses account for almost 50 % [7, 8].
A solution proposed and designed by Max Stern and
patented by him in 1945, was forward extrusion of
the chips, performed at an elevated temperature [9].
In 1977, this method was modified and innovated by
Sharma and Takahashi [10, 11]. This kind of chip
recycling can also be used for steels, for cast iron, for
copper and for aluminium alloys [12]. The method
of forward extrusion of chips involves compacting the
chips at ambient temperature, followed by extrusion at

an elevated temperature. In the first stage, the chips
are mechanically compacted and are then pressed [13].
Within the arrangement of the chips, open porosity
emerges which is not fully removed in the second stage
of processing. In addition, depending on the degree
porosity of the compact, some of the pores are closed.
In general, pores which are not able to move to the
surface, and therefore remain inside, are influenced
by deformation (during processing). They are subjected to great compacting pressure, and this has a
negative impact on the mechanical properties of the
final product. As the real length of a shaft depends
on its density, the porosity of the compact has a significant influence on the quality of the final product
(manufacturing line productivity) [14–16]. The first
stage of processing is therefore very important. The
most widely-used methods for extruding of compacted
chips are forward extrusion [17, 18], extrusion through
bridge dies [2, 4, 13], and new technologies, such as
equal channel angular pressing (ECAP) [20–23] and
friction stir wire extrusion [24].

2. Experimental material and
methods
Two types of chips delivered by SAPA Profily a.s.
Slovakia, Žiar nad Hronom, were used as experimental
material:
Small chips — which originated from chip cutting
operations (drilling, milling, turning). They are
spiral in shapes and bow-shapep (Fig. 1). The
average dimensions of the chips (T × W × L) were
0.1 × 0.2–1 × 2–10 mm. The effect of mechanical
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Small chips
Large chips

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

V

Co

0.44
0.45

0.3
0.3

0.03
0.17

0.04
0.3

0.35–0.6
0.33

0.05
2

0.44
0.27

0.1
0.02

0.01
0.01

0.01
0.01

Table 1. Chemical composition of the small and large chips.

Figure 1. Small chips.

Figure 3. Schematic illustration of the division of
the sample.

2.1. Compacting chips

Figure 2. Large chips.

strengthening was eliminated after the chips had
been cleaned chemically by annealing under the
following conditions: T = 688,15 K, t = 9000 s.
Large chips — which originated from a mechanical
saw used for cutting shafts at an elevated temperature. The chips were uniform in shape, and
consisted of tangled bands (Fig. 2). The average dimensions of the chips (T×W×L) were 0.5×2.5×20–
80 mm. The chips were not mechanically strengthened and their surfaces were not polluted.
Both types of chips were analyzed using an optical
emission spectrometer. The chemical composition is
given in Table 1 (the chemical composition of both
types of chips corresponds to EN AW 6060).
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The two types of chips were compacted under identical
conditions (weight 2, 5, 10 g; compacting pressure
300, 400, 500, 600, 700 MPa; and speed 0.83 mm/s).
To ensure reproducibility of the measurement, each
experimental measurement was repeated 3 times. For
the compacting process, we used a die with a round,
vertical channel 10.3 mm in diameter and 250 mm in
height. To determine the porosity of the compacts,
the density of both types of chips was established to
0.0027g/mm3 (according to the chemical composition).
The average porosity was calculated using the followin
formula [22, 23, 24], and then the reciprocal density
was estimated:
P =

ρchips − ρspecimens
· 100 %,
ρchips

(1)

where P is the porosity of compacted samples; ρchips
is the density of chips; and ρspecimens is the density of
compacted specimens.

2.2. Density distribution across the
compact height
To distinguish the density distribution across the
height of the sample, each sample was divided into
5 mm segments (see Fig. 3). The density distribution
was determined for each sample weight, compacted
from large chips under pressure at 300 MPa.
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Weight

Ratio of D/h

10 g
5g
2g

1/5
1/2.5
1/1.1

Table 2. The ratio of the diameter to the height in
the compact.

Figure 4. Density vs. compacting pressure – the
small chips.

Figure 6. Density distribution across the height of
the sample.

Figure 5. Density vs. compacting pressure – the large
chips.

2.3. Material flow during compacting
The material flow in the die during the compacting
process was analysed by mathematical simulations in
Deform 2D software. The simulation was constructed
as the compacting process of a porous material, with
the density determined from the height and the weight
of the chips. The simulation conditions correspond
to the real compacting conditions, i.e., the weight of
a sample was 10 g (large chips) within the simulation. We used a material from the Deform database
with similar mechanical properties to those of the
experimental material. The STOP criterion for the
simulation was the distance (or the final length of the
compact).

3. Results and discussion
Figures 4 and 5 provide graphical illustrations of the
density and the compacting pressures of the samples.
Figures 4 and 5 show that the large chips provide
greater density than the small chips under the same
compacting pressure. For explanaition for this can be
that the large specific surface and the suspension of the
small chips cause the samples to break during handling.
It is also seen (Fig. 4) that the density increases as
the compacting pressure grows. However, there are
some particular cases when growth in pressure does
not have a significant influence on the final density of
the compact [? ].

The experimental studies show that the density
decreases as the weight of the sample increases (there
is an increase in the ratio of the diameter to the height
in the sample) in both cases (small chips vs. large
chips). The ratio of the cross-section of he sample to
the height (Table 2) has a significant impact on the
density distribution across the height of the compact.
Due to the direction from the piston to the lower
part of the die, the density declines in all weight
conditions (see the graphical illustrations in Fig. 6).
The most significant in the density distribution was
observed when the sample weighed had 10 g.
The decrease in density (in the direction of the
bottom part of the shaft) is caused by the difference
in the vectorial movement of the chips in particular
parts inside the die during compaction (Fig. 7). In
general, the most significant vectorial movement of
the chips is assumed to be directly below the piston.
It is therefore, easier to carry out processes such as rearranging, pressing and deforming the chips in these
parts than in other parts.
In general, increasing density of the compact under
the piston leads to a growth in the radial pressure and
in the friction area (resulting in enhanced friction at
the surface of the die). The next forward movement
of the piston in the compacting direction gradually
spreads the region with higher density, the contact
surface of the shaft and the die, which finally enhances
of the friction on die walls of the die. In the compacting process of 5 g and 10 g samples made from
small chips, we observed an increase in the friction
force above the value of the compacting force, after
which the material inside the die broke. It was later
observed that the samples in the die began to break
at one third of their height. These samples were not
suitable for a study of the density distribution (not
included in Fig. 4). To ensure sufficient compacting
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Figure 7. Numerical simulation of the compacting process on a 10 g sample under 300 MPa.

efficiency and, at the same time, the best density distribution, it is preferable to compact the chips into
shafts with a D/h ratio of 1/1.1. A high ratio of D/h
can be obtained by putting the chips gradually into
the layers. However, this increases the friction forces,
resulting in breakage when the shaft is pressed. The
same phenomenon is recognized when the Al cover
is compacted. Another option is to use a two-sided
compaction method.

4. Conclusions
(1.) The dependence of the density on the amount

of compacting pressure is influenced by the size
and the geometry of the chips. It is therefore, not
possible to specify a general optimal value for the
compacting pressure (for all types of chips).
(2.) At the same time, the size and the geometry of the

chips has a significant influence on the consistency
of the compact while it is being handled. Samples
compacted from small chips under all considered
pressure conditions (300, 400, 500, 600, 700 MPa)
were brittle.
(3.) If the D/h ratio drops, the density increases and

there is improved uniformity of the density distribution across the height of the shaft. The best density
distribution was observed when the D/h ratio was
1/1.1.
(4.) Due to non-uniformity in the vectorial movement

of the chips, it is preferable to process shafts with
the D/h ratio higher than 1/2,5, using a a two-sided
compaction method.
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