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Abstract
Bent components and deep drawn cups are produced by direct usage of aluminium chips without melting following a new 
process chain: hot extrusion of aluminium chips to a cylindrical open profile, flattening, subsequent rolling and bending or 
deep drawing. The properties of the hot extruded chip-based AA6060 sheets are examined by tensile tests and microstruc-
tural investigations and the results are compared with those obtained from material extruded from conventional cast billets. 
The chip-based sheets were used to form components by bending or deep drawing. No significant differences between the 
bent components or deep-drawn cups made of chips and those from cast material are observed regarding their capability for 
further plastic forming operations. This makes the new process route a resource-efficient alternative for the production of 
aluminium sheet products.

Keywords  Recycling ·  Chip extrusion ·  Solid state recycling ·  Metal forming ·  Sustainability ·  Aluminium scrap 
recycling

1  Introduction

The direct hot extrusion of cold-compacted aluminium 
chips is an energy and resource-efficient recycling process 
for the manufacturing of profiles which avoids the energy-
intense remelting of the material. It was first patented by 
Stern [1]. Due to increasing demands regarding the reduc-
tion of CO2-emissions in all engineering fields, including 
production, the research of the process has recently gained 
momentum. Other related processes for converting alumin-
ium chips directly into profiles comprise screw extrusion 
[2] and friction stir extrusion [3]. Direct recycling routes 
of aluminium chips without melting lead to a significant 
reduction of energy and greenhouse gas emissions and gain 

higher material usage in comparison to energy intensive 
conventional recycling processes of aluminium scrap [4].

The energy use and the generated greenhouse gas emis-
sions differ significantly, if conventional and direct recy-
cling are compared for aluminium profile production. Based 
on a conventional recycling route covering secondary alu-
minium and hot extrusion the production of one tonne alu-
minium profile requires 30 GJ energy and generates 1520 kg 
CO2-equivalents) [5]. This includes the thermal energies (i.e. 
fuels) and the purchased electricity necessary for refining 
and remelting. The emissions to air consist for example of 
nitrogen dioxide (NOx) or chlorine (as Cl2). In compari-
son, if only the extrusion process is considered, 16 GJ are 
required and 680 kg CO2-equivalents are generated, which 
means the values can be cut by 47% and 55% respectively 
(Fig. 1) [5]. For this, the energy demand from renewable 
and non-renewable resources for the production of 1 ton 
of aluminium profile by a conventional hot extrusion pro-
cess is assumed. The GHG-emissions cover all emissions 
to air which contribute to the global warming potential. In 
addition, a material loss of up to 17% can occur during the 
remelting of chips due to their high surface to volume ratio 
[6].

The basic process principle of hot extrusion of alumin-
ium chips is equal to conventional extrusion, however using 
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compacted chip-based billets instead of cast billets. Accord-
ing to Gronostajski and Matuszak [7], the general process 
steps for the direct recycling of aluminium chips by chip 
extrusion are: compaction of the chips to chip-based billets, 
heating of the chip-based billets and extrusion. Additional 
challenges are introduced by the direct use of chips with-
out melting due to the oxide layers covering each individual 
chip. These oxide layers prevent the aluminium welding and 
have to be broken during the process to ensure sound bond-
ing. To achieve this, high strain as well as high hydrostatic 
pressure are necessary. The research done on chip extrusion 
dealt with identifying and adjusting the process parameters 
mandatory for a process success and the mechanical proper-
ties of the chip-based profiles. A process success is achieved 
if a macroscopically completely welded profile is produced. 
Several authors have identified the die design as the most 
significant influencing factor on the welding of the chips and 
thus the process success in direct hot extrusion of aluminium 
chips. Misiolek et al. [8] found that the use of simple flat-
face dies leads to surface delaminations. Using porthole dies 
instead, Güley et al. [9] observed an improved chip bond-
ing and better mechanical properties of the extrudates. The 
second most important influencing factor on the welding of 
the chips was identified as the extrusion ratio R, which is 
defined by

where A0 is the cross-section of the upset billet in the con-
tainer, and A1 is the cross-section area of the produced 
extrudate. A process success of the chip extrusion process 
is achieved when using higher extrusion ratios (flat-face die) 
[10] and also better mechanical properties in terms of higher 
strength and ductility are obtained [11]. The parameters of 

(1)R = A
0
∕A

1

the extrusion process (billet temperature, extrusion speed, 
chip geometry) only have a minor influence on the chip 
welding and the process success. Tekkaya et al. [12] found, 
that within the range of industrially relevant chip geome-
tries, no significant influence on the process success was 
present. The billet temperature was varied by Haase et al. 
[13] between 450 and 550 °C. Using different die types, no 
significant influence on the properties of the extrudates were 
observed. Tokarski [14] found, that an increased extrusion 
speed enables a good surface quality, whereas a lower extru-
sion speed led to visual defects on the extrudate. In general, 
the overall process success of chip extrusion is subject to 
the combination of all influencing factors, amongst which 
the die type and the extrusion ratio are the most significant 
parameters. With suitable parameter settings, satisfactory 
mechanical properties can be achieved, but these are limited 
and reach a maximum of 90% of the mechanical properties 
of profiles based on cast material.

By taking a look at the aluminium downstream indus-
tries in the European Union (Fig. 2), 45% of the aluminium 
is processed into rolled products (sheets) from which bent 
and deep-drawn components are produced. Areas of appli-
cation are packaging, transportation, civil engineering or 
household goods. In comparison, extrusion products cover 
only 25% and cast parts 30%, meaning the majority of the 
parts are rolled products [5]. In 2017 over 26 million tons 
of old and new scrap was generated and reused. This scrap 
can be assigned to rolled or extruded scrap for example but 
a further differentiation concerning the type of scrap is not 
given [24]. It is difficult to quantify the proportion of chips 
in the total scrap, since the majority is usually prepared and 
further processed within one company, and thus no reliable 
data is available publicly. However, for different industries 
it is known how much of the input material is scrapped, 
for example in aerospace manufacturing 90% of the alu-
minium is turned into chips [25]. These numbers are strong 
arguments for research of the production of chip-based 

Fig. 1   Energy demand and greenhouse gas (GHG) emissions for the 
production of one tonne aluminium profile in the EU [5]

Fig. 2   Aluminium downstream industries in Europe [5]
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aluminium sheets and their further processing by forming 
operations using direct hot extrusion and rolling without 
melting.

1.1 � Production of Metal Sheets by Hot Extrusion 
and Rolling

A first approach for the direct recycling of aluminium chips 
to sheet metal was investigated by Allwood et al. [15]. A 
bar was produced by chip extrusion and then rolled to final 
thickness. Between the rolling passes the sheets had to be 
edge trimmed. Attempts of drawing blanks into cups had 
limited success. Only one cup out of four could be produced 
successfully indicating a low formability of the sheets. Fur-
ther work was done by Kore et al. [16]. Crushed aluminium 
AA6082 chips were compacted into slabs with a square 
cross-section (cold and hot) and then further processed by 
a hot rolling process. After annealing the sheets, cups with 
constant wall thickness could be produced by deep drawing. 
However, the authors could only produce small cups (d = 
25 mm) because they were strongly limited by the dimen-
sions of the sheets. Chino et al. [17] recycled magnesium 
AZ31 chips by extrusion and hot rolling. The chips were 
pressed into rectangular profiles and rolled perpendicular to 
the extrusion direction after heat treatment. Suzuki et al. [18] 
investigated the processes of extrusion and hot rolling of 
different chip shapes and chip sizes of the aluminium alloy 
AA6061. They produced rectangular profiles by extrusion 
which were hot rolled afterwards to reduce the thickness. 

Nevertheless, they had to mill off the surface to achieve pro-
files for further investigations. To enhance the profile width 
of extruded sheets, Gall et al. [19] extruded magnesium bil-
lets into open tube profiles which are directly flattened by a 
special device in a subsequent forming step. Grittner et al. 
[20] used a similar process combination and investigated the 
microstructure and texture which have an influence on the 
mechanical properties leading to a reduction of anisotropy.

The production of sheets by hot extrusion and subsequent 
rolling of aluminium chips investigated in literature is very 
limited concerning the dimensions of the sheets. Additional 
process steps during rolling are necessary to produce sheets 
making the production inefficient and the further processing 
of the sheets leads to an insufficient formability. In order 
to use the resource-saving direct recycling of chips for the 
largest market share of aluminium processing (sheets and 
their derived products) and allow for a further processing 
of the sheets, a new process chain is required which pro-
duces sheets in an efficient way and leads to properties of the 
sheets which allow for fabrication of products comparable 
to those made of cast material.

2 � Materials and Process Steps

The aim of this paper is to introduce a new process chain 
consisting of hot extrusion of aluminium chips, flattening 
and rolling of the extruded open profiles to sheets and fur-
ther forming operations (see Fig. 3). For this, the chips are 

Table 1   Chemical composition 
of the AA6060 aluminium alloy

Si Fe Cu Mn Mg Cr Zn Ti Others Al

0.44 0.21 0.02 0.05 0.39 0.00 0.011 0.01 0.01 98.86

Fig. 3   New process chain for the production of chip-based sheets and further processing consisting of a extrusion to a cylindrical open profile 
b unfolding the profiles to sheets c forming technologies to produce bent parts and deep drawn cups
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characterized and the process steps chip extrusion, flattening 
and rolling are analysed and designed for sound bonding of 
the chips. The mechanical properties of the produced sheets 
are investigated and compared to cast material processed 
along the same process chain. Finally, chip-based bent 
components and cups are produced by bending and deep 
drawing, respectively, to assess the material’s capacity to 
withstand further plastic forming processes, conventionally 
applied to produce a broad range of sheet-based aluminium 
products.

2.1 � Chip Extrusion

For the production of chip-based sheets, aluminium alloy 
AA6060 was processed in five consecutive steps:

•	 Producing chips.
•	 Compaction of the chips to billets.
•	 Homogenization of the chip-based billets.
•	 Hot extrusion of the chip-based billets to open profiles.
•	 Flattening of the chip-based open profiles to sheets and 

rolling.

To evaluate the performance of the produced chip-based 
parts, the above shown processing steps were also con-
ducted with cast billets of AA6060 to produce sheets and 
cups based on cast material as a reference. The AA6060 
aluminium chips used in this work were produced by turn-
ing of the as-received homogenised cast bars. To prevent 
contamination of the chips, the turning process was carried 
out without the use of lubricant and the cast skin of the bars 
was first turned off and sorted out. The chemical composi-
tion of the cast AA6060, shown in Table 1, was analysed 
by apt Hiller GmbH by optical emission spectroscopy. The 
chips were produced by longitudinal turning with a cutting 
speed vc = 400 m/min, a feed of f = 0.5 mm and a cutting 
depth of ap = 2.25 mm. The produced chips were character-
ized in terms of their geometry and hardness. The majority 
of chips can be described as a half ellipse ring. In Fig. 4, the 
geometric approximation and a chip as well as the associ-
ated mean dimensions are shown. The average hardness of 
the chips after turning is 79 HV0.2. To allow handling of 
the machining chips during the hot extrusion process, the 
chips were compacted to chip-based billets. Compaction 
of the chips was conducted on an industrial briquette press 
RUF18.5 by RUF Maschinenbau GmbH & Co. KG. Chip-
based billets with a diameter of 100 mm and a length of 110 
mm were produced. The compaction loads were 3.7 t/cm2 
which is equal to 2905 kN.

The density of the chip-based billets was ρ = 2,3 g/cm3 
which is 85% of the density of cast aluminium (ρ = 2.7 g/
cm3). Because the chips were exposed to severe plastic 
deformation during machining and cold compaction the 

chip-based billets were homogenized at 550 °C for 6 h 
according to Haase et al. [13] to remove the strain harden-
ing. To ensure comparable initial material conditions, the 
cast billets were treated similarly. The extrusion die and 
process were designed in order to achieve a sound bond-
ing of the chips by calculating the weld quality numerically. 
The extrusion trials of the chip-based and cast billets were 
carried out on a direct extrusion press (SMS Meer), which 
has a maximum extrusion force of 10 MN. Based on the 
findings in the state of the art, a porthole die was used to 
extrude a cylindrical open profile, with an outer diameter of 
64 mm and a wall thickness of 2 mm. The container diameter 
was set as 106 mm, resulting in an extrusion ratio R = 24. 
The parameters billet temperature (550 °C), die/container 
temperature (450 °C) and the ram speed (2 mm/s) were set, 
to achieve a homogenous material flow inside the die [13]. 
The profiles were cooled in ambient air after extrusion. Dur-
ing the upsetting of the chip-based billet in the container a 
further compaction of the chips is conducted, leading to a 
density of 99.9 % before the material flows into the die. This 
was proved by porosity analysis via computer tomography 
on an extracted billet (Nikon XT H160, 75 voxels). A discard 
of 12 mm was sheared off after every extrusion cycle. Cast 
billets with a length of 270 mm were extruded with the same 
extrusion parameters used for the extrusion of chip-based 
billets (Fig. 3a).

2.2 � Flattening and Rolling

In a second step the extruded profiles were flattened by 
unfolding the cylindrical open profiles to a sheet (Fig. 3b). 
For this the profiles were heated to 350 °C and the begin-
ning of the profile was unfolded manually over a cone in 
order to attain a straight edge. Following the flattening takes 
place in a rolling mill by using the work rolls to unfold the 
cylindrical open profiles without a thickness reduction. The 
front face of the sheet was inserted into the roll gap, which 
was set to 2 mm corresponding to the wall thickness of the 
profile and thus the produced sheet. The speed of the work 
rolls was set to 7 rpm (roll diameter 200 mm). The profile is 
pulled into the roll gap and flattened along the longitudinal 

Fig. 4   Chip geometry and average dimensions



1039International Journal of Precision Engineering and Manufacturing-Green Technology (2022) 9:1035–1048	

1 3

axis resulting in a flat aluminium sheet. Additionally, a part 
of the produced sheets was further rolled to reduce the thick-
ness. It was carried out by cold rolling with a rolling speed 
of 7 rpm and multiple rolling steps. The relative thickness 
change εh is defined by

where so is the initial thickness before rolling and s1 is the 
thickness of the sheet after rolling. Final sheet thicknesses 
of s = 1.5 mm and s = 1.0 mm were achieved, resulting in 
nominal thickness reductions of εh = 0.25 and εh = 0.5. After 
rolling the sheets were soft annealed in order to eliminate the 
strain hardening and increase the materials formability for 
subsequent forming processes. Soft annealing was carried 
out at 340 °C for 2.5 h. Afterwards the sheets were cooled 
to 250 °C with a cooling rate of 30 K/h and then cooled in 
ambient air. The produced sheets were further processed by 
subsequent forming operations (Fig. 3c) to evaluate their 
capability of further plastic forming operations:

•	 Air bending to bent components.
•	 Deep drawing of the chip-based sheets to cups.

2.3 � Bending and Deep Drawing

For the bending experiments, specimens with a length of l 
= 60 mm and a width of b = 30 mm were cut from the pro-
duced sheets. Air bending was applied on a Trumpf Truma-
Bend V 1300 bending machine. The bending was done 
perpendicular to the rolling direction of the sheets using a 
punch radius of r = 1 mm, a die width of 24 mm and a punch 
velocity of 2 mm/s.

Circular blanks were cut by laser cutting from the pro-
duced sheets with different thicknesses and then deep drawn, 
using a universal sheet metal testing machine Erichsen 142-
20-Basic. For the cups a drawing punch diameter dpunch = 33 
mm and different drawing dies (Ø = 35.8 – 36.6 mm) were 
used to produce cups with different deep drawing ratios. A 
blank holder force of 2 kN and a drawing punch speed of 1 
mm/s were used. The experiments were conducted without 
lubrication.

2.4 � Microstructural and Mechanical Analysis

The microstructure was characterized by light optical 
microscopy under polarized light on Zeiss Axio Imager.M1 
m with Zeiss AxioCam MRc. Specimens for microstructure 
investigation were mechanically ground using SiC paper 
(grit 320, 800, 1200, 2000 and 4000 for 60 s each) and pol-
ished for 60 s with 3 μm, 1 μm and colloidal silica oxide. 
The polished specimens were electrolytically etched using 

(2)�
h
= (s

1
− s

0
)∕s

0

Barker’s reagent with a voltage of U = 25 V DC for 180 s 
on a Struers LectroPol-5.

The Vickers hardness was measured on a Shimadzu 
HMV-G21D with a Vickers diamond indenter in accordance 
with DIN EN ISO6507-1:2005 standard. A loading force 
of 1.961 N (i.e. HV0.2) and a holding time of 10 s at room 
temperature were applied. The hardness was measured three 
times on three different chips (nine measurements in total).

Flat tensile test specimens (gauge length l0 = 20 mm, b0 
= 6 mm according to DIN 50125) were used and fabricated 
parallel to the extrusion direction by laser cutting from the 
profiles and sheets. They were pulled up to fracture. The 
tests were performed according to DIN EN ISO 6892-1 with 
a nominal strain rate of 6.7× 10−3/s at room temperature on 
a Zwick/Roell Z250 tensile test machine.

2.5 � Numerical Analyses

In order to acquire the necessary field quantities for the 
calculation of the weld quality of the chips, numerical 
analyses were carried out using the commercial finite ele-
ment software Altair HyperXtrude. The die temperature 
was assumed constant at 450 °C and the initial billet tem-
perature was 550 °C. Heat generation due to friction and 
plastic deformation (90 % of work for plastic deformation 
is transformed into heat) as well as heat transfer between 
the billet and the die was considered (heat transfer coef-
ficient α = 3000 W/m2/K). Friction between the workpiece 
and the die was assumed as m = 1 (shear factor) according to 
experimental and numerical findings by Kloppenborg et al. 
[21]. The material in the welding chamber was meshed with 
tetrahedral elements with an average element length of le = 
0.6 mm, the profile was meshed more finely with hexahedral 
elements with le = 0.25 mm. The aluminium alloy AA6060 
was modelled as a rigid-viscoplastic material. To reduce the 
computational time a symmetry plane was used to calculate 
only one half of the profile.

3 � Results and Discussion

3.1 � Chip Extrusion

Prior to the extrusion experiments the porthole die was 
designed and simulated. The weld quality model for the pre-
diction of the process success in direct hot extrusion of alu-
minium chips developed by Kolpak et al. [22] was used. This 
model allows for a prediction of the absolute bond strength 
σb as a function of the flow stress σf, hydrostatic pressure p 
and strain, according to
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It defines the relevant stress for welding to be the hydro-
static pressure p. The surface expansion necessary to break 
oxides and allow base metal to flow through the resulting 
cracks is calculated by an additional factor ν. Therefore, it 
takes the effective plastic strain ε as the relevant strain into 
account. The pressure pex necessary to initiate micro extru-
sion of base metal through the cracks is subjected to a num-
ber of geometric as well as material dependent parameters. 
The details of the weld quality model and the necessary steps 
for the weld quality calculation can be taken from the pub-
lication. After the simulation of the extrusion process field 
quantities strain, pressure and flow stress were extracted. 
With these the weld quality of the chips over the profile cross 
section was calculated according to Eq. (3) and the generated 
contour plot was evaluated (Fig. 5a). In general, a high weld 
quality exists over the whole profile cross section. Especially 
in the surface region the weld quality amounts to over 95 % 
which was suggested by Kolpak et al. [22] to be necessary 
for a process success without delamination of the chips and 
defects on the profile surface. Across the wall thickness there 
is only a small area in the centre on the right side, where the 
calculated weld quality is below 90%. In the regions ± 45° 
a very high weld quality up to 100 % can be determined. 
This is due to the construction of the extrusion die. It uses 
support arms for the mandrel which split up the aluminium 
billet in four threads and cause a complex material flow. 

(3)
�b

�f

=

(

0.8

�f

p

)

⋅ v ⋅

(

0.8
p − pex

�f

) The aluminium has to move around the supporting arms of 
the mandrel. The chips experience higher strains due to the 
longer particle lines inside the porthole die before entering 
the welding chamber. This leads to a high surface enlarge-
ment of the chips and thus to a satisfactory welding.

Since the predicted surface-near weld quality distribution 
in the profile is above the reported threshold value of 95% a 
process success was expected and the extrusion experiments 
were carried out according to the numerical findings.

Extrusion profiles without defects could be produced 
from chips (see Fig. 3). They showed no difference to the ref-
erence profiles extruded from cast billets by comparing the 
geometry and surface quality. In order to review the results 
of the weld quality model and to analyse the welding of the 
chips microscopic images were created. In Fig. 5b the two 
significant regions derived from the weld quality calculation 
are analysed in the microscopic images. In the region of 
the supporting arm of the mandrel where a high weld qual-
ity was estimated no chip boundaries are visible (centre). 
Dispersed grains can be spotted across the wall thickness. 
In this region recrystallized grains beyond initially present 
weld lines indicate a good welding of the chips. Scattered, 
former chip boundaries on the left hand and right hand side 
can be identified. These boundaries are arranged along the 
marked lines. This underlines the assumption that the chips 
travel around the supporting arms of the mandrel and weld 
behind them. The microstructure is in accordance with the 
calculated weld quality. The second image shows the region 
with the lowest calculated weld quality in the centre of the 

Fig. 5   a Contour plot of the calculated weld quality b microstructure of the extruded profile
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profile wall thickness. In the surface region the chips show 
a sound welding as no chip boundaries are visible and fine 
and dispersed grains exist. In the centre of the wall thickness 
scattered chip boundaries can be seen. In some cases, the 
grain boundaries extend over the chip boundaries, represent-
ing a sufficient welding. In summary, the microstructural 
findings show a sufficient agreement with the calculated 
weld quality. The weld quality model obtains an accurate 
prediction of the chip welding and a sound welding over the 
profile cross section.

The mechanical properties of the extruded profiles were 
investigated by tensile tests, since the strength depends on 
the bonding quality between the individual chips.

To assess possible inhomogeneities of the weld qual-
ity, tensile test specimens were extracted from five differ-
ent positions over the cross section of the extruded profiles 
(see Fig. 6a). The results for yield strength and ultimate 
tensile strength derived from six tensile tests for each posi-
tion are shown in Fig. 6b. The results indicate no differ-
ence for neither the yield strength nor the ultimate tensile 
strength regardless of the underlying extraction position. 
The mechanical properties over the profile cross section are 
homogeneous. The overall high weld quality is high as sound 
welding of the chips found in the microstructure. In addition, 
the low data scatter indicate that the mechanical properties 
are also constant along the profile length.

By comparing the tensile test results of chips extruded 
through the porthole die with those of material extruded 
with the same parameters (Fig. 7), it is found, that both the 
yield strength as well as the ultimate tensile strength are 
about 10% lower, which indicates a nearly perfect bonding 
quality between the individual chips. Likewise, the data scat-
ter is very low. The 10% difference between chip-based and 
cast-based profiles are due to a lack of welding between the 
chips which occurs mainly in the centre region of the profile 
and as well as the slightly different microstructure. This is 
clearly visible in the microscopic images (Fig. 5b). Hence, 
the die and process design lead to a high bonding quality of 
the chips which results in macroscopic comparable profiles 
with sufficient mechanical properties.

3.2 � Flattening and Rolling

The extruded open profiles were unfolded and flattened to 
create chip-based sheets with a width of b = 180 mm, a 
length of l = 800 mm and a thickness of s = 2 mm (Fig. 8a). 
A part of the sheets was further rolled in order to reduce the 
thickness. It is expected that a further reduction of the sheet 
thickness by rolling enhances the mechanical properties. 
These sheets were also used for the further processing in 
bending and deep drawing processes. Based on the knowl-
edge that for the welding of the chips strain and pressure 
are the decisive parameters, it is expected that the rolling 

process contributes to an increase of the welding of the 
chips. Within the rolling gap the sheet thickness is reduced 
and the length is increased resulting in strain and pressure 
existing simultaneously.

The sheets were rolled with a thickness reduction of 
εh = 0.25 resulting in a final thickness of s = 1.5 mm and 
εh = 0.5 resulting in a final thickness of s = 1.0 mm (Fig. 8b). 
The thickness reduction was conducted in two and four roll-
ing passes respectively, each accounting for a thickness 
reduction of 0.25 mm per pass. The sheets are characterized 
by micrographs and tensile test.

Micrographs of the chip-based flattened sheet (s = 2.0 
mm) and the rolled sheet with a thickness of s = 1.0 mm 
(εh = 0.5) are shown in Fig. 9. The images are taken in lon-
gitudinal direction (parallel to the rolling direction). A sound 

Fig. 6   a Position of the tensile test specimens b mechanical proper-
ties for the different extraction positions of chip-based profiles
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welding of the chips in the surface region is visible for the 
flattened sheet. Nevertheless, long chip boundaries extend 
parallel to the surface and are present over the entire sheet 
thickness. Beyond the surface region some grains do not 
extend over the chip boundaries. After rolling the welding 
and microstructure differs for the chip-based sheet with s = 1 
mm thickness. Dispersed and stretched grains due to the roll-
ing process can be spotted. Less chip boundaries are visible 

and the ones visible are shorter and thinner compared to the 
flattened sheet (s = 2.0 mm). Recrystallized grains beyond 
initially present weld lines indicate an enhanced welding 
of the chips. The enhanced welding is expected to improve 
the mechanical properties which are investigated in the next 
section.

The tensile test results show a strong influence of the 
rolling (Fig. 10). The yield strength of the sheets increases 
after rolling by approximately 90 % almost independently 
of the rolling reduction and similarly for profiles obtained 
from chips and from cast billets. This effect is attributed to 
strain hardening. Due to this also the ductility of the sheets 
decreases. The fracture strain obtained in the tensile tests 
decreases by 60 % for εh = 0.25 and 75 % for εh = 0.5 due to 
the large accumulated strain.

As expected the stress-strain curves of the chip-based 
sheets are below the ones of the cast material. The results 
also reveal that the mechanical properties of the chip-based 
sheets increase after the rolling process. The difference 
between chip-based sheets and the ones made from cast 
material can be lowered from 10 % initial to approximate 
6 % after rolling. This justifies the assumption that rolling 
improves the welding quality of the chips.

The metal sheets were soft annealed subsequent to roll-
ing to reduce the effect of strain hardening and increase the 

Fig. 7   Comparison of mechanical properties of chip-based and cast-
based profiles

Fig. 8   a Flattening of extruded open profile b cold rolling of sheets

Fig. 9   Microstructure of chip-based sheets a  flattened (s = 2 mm) 
b after rolling (s = 1 mm, εh = 0.5)
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materials formability for subsequent forming processes. The 
goal was to achieve sheets with high strain hardening poten-
tial and high ductility suitable for further forming opera-
tions. The tensile test results after soft annealing show that 
the strain hardening caused by rolling has been eliminated 
by the heat treatment (Fig. 11). The tensile strength of the 
initial sheet (s = 2 mm) and the 25 % reduced sheet (s = 1.5 
mm) show similar values for the chip-based as well as the 
cast material. The tensile strength of the 50 % reduced sheet 
(s = 1 mm) are slightly lower which means the heat treat-
ment has led to a softening of the material. Nevertheless, 
the enhancement of the mechanical properties due to the 
improved welding of the chips after rolling are validated by 
the findings. The differences between chip-based sheets and 
the cast sheets can be lowered from 10 to 6.5% (εh = 0.25, s 
= 1.5 mm) to 2.1% (εh = 0.5, s = 1 mm).

Addressing the enhancement of the mechanical proper-
ties regarding the formability the strain hardening exponent 
n and the uniform elongation for the chip-based sheets in 
rolled and soft annealed condition are shown in Fig. 12. 
According to Lange [23] these values should be maximized 
since the tendency of the material to local necking during 

forming depends directly on the hardening exponent. After 
rolling (s = 1.5 mm, εh = 0.25 and s = 1.0 mm, εh = 0.5) the 
values are very low due to strain hardening After soft anneal-
ing the n values und uniform elongation increase, though the 
values for the 1.5 mm sheet are only half of the values of the 
1.0 mm sheet. It is assumed that the improved chip weld-
ing in the rolled sheets (s = 1.0 mm) leads to an enhanced 
recrystallization in the centre causing an increased form-
ability, which is verified by the deep drawing experiments.

3.3 � Bending

To assess the capability of further plastic forming operations 
of the chip-based sheets air bending experiments were car-
ried out. For this a V-shaped profile was bent. The forming, 

Fig. 10   Mechanical properties of the flattened and rolled sheets (aver-
aged over six tests)

Fig. 11   Mechanical properties of the annealed sheets (averaged over 
six tests)

Fig. 12   Material parameters to evaluate the capability for further 
forming processes of the chip-based sheets
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failure and spring back behaviour compared to the cast-
based sheets was analysed to encounter if there is a differ-
ence. In Fig. 13 the results of the air bending experiments 
are shown for the sheets with a thickness of s = 1.5 mm 
(εh = 0.25). Illustrated are the results for chip-based as well 
as the cast-based sheets. It can be seen that V-shaped profiles 
were successfully bent from both materials.

The punch force is 20% lower for the bending of the chip-
based sheets. This is related to the chip boundaries visible 
in the microsections and the related missing welding of the 
chips in the inner regions of the profile as well as the cor-
responding lower flow stress. A bending radius of the outer 
fiber ro = 4.07 mm for the 1.5 mm sheets and ro = 2.46 mm 
for the 1.0 mm sheets was obtained. The values are 13% 
(1.5 mm) and 2.5% (1.0 mm) above the minimal achiev-
able bending radius according to Lange [23]. It corresponds 
to an effective strain 

−
�Bending = 0.23 for the 1.5 mm sheet 

and 
−
�Bending = 0.26 for the 1.0 mm sheet (assuming isotropic 

material behavior and idealized plane strain bending). The 
maximum deviation of the radii between chip-based and 
cast-based parts is 2%. Matching geometrical values between 
chip-based and cast-based sheets reveal no difference since 
the bending angle is equal for both (1.5 mm sheet: θ = 80°; 
1.0 mm sheet: θ = 70°). The comparison of the bending 
radius and the shape of the bent profiles after spring back 
reveals that the forming for both chip-based and cast-based 
profiles is equal (Fig. 13a).

The surface at the outer fibre of the chip-based and cast-
based bent profiles are free from macroscopic cracks or other 
failures. The surface for both sheets show some orange peel 
which is a visual defect resulting from large grains at the sur-
face of the sheets (Fig. 13b). This only influences the surface 
and does not limit the forming of the sheets. Nevertheless, an 
enhanced heat treatment can solve this by creating smaller 
grains. In general, the orange peel appears for all investi-
gated samples. It can be stated that there are no differences 
between chip-based and cast-based bent profiles.

Since the chip-based sheets allow for further forming 
operations and due to the successful bending experiments, 
the deep drawing experiments were conducted to investigate 
if the production of cups is possible as well.

3.4 � Deep Drawing

To increase the complexity of stress states during further 
forming operations and assume if the chip-based sheets can 
cope with these, deep drawing experiments were conducted. 
For the deep drawing of the soft annealed sheets three differ-
ent circular blanks (d0 = 55 mm, d0 = 60 mm, d0 = 65 mm) 
were used to achieve different deep drawing ratios (β = 1.67, 
β = 1.81, β = 1.96). The circular blanks were cut from the 
sheets with a thickness of s = 1.5 mm as well as s = 1 mm. 
Table 2 lists the investigated combinations of process param-
eters. The deep drawing ratios were chosen to start from a 
moderate one (β = 1.67) and end with a high ratio (β = 1.96) 
to identify the range within cups can be produced from chip-
based sheets. According to Lange [23] for aluminium sheets 
the maximum deep drawing ratio is β = 2.1. Cups without 
defects were manufactured from the sheets with a thickness 
of s = 1 mm with a deep drawing ratio of β = 1.67. Chip-
based as well as cast-based cups were successfully deep 
drawn from both materials showing no differences of the 
external appearance. The cups deep drawn from the sheets 

Fig. 13   Air bending of s = 1.5 mm sheets a comparison of shape b)
surface at the outer fiber

Table 2   Parameters of the deep 
drawing experiments

Parameter Variation

Drawing die Ø = 35.8 mm, r = 1.2 Ø = 36.2 mm, r = 1.4 Ø = 36.6 mm, r = 1.6
Deep draw-

ing ratio 
β = d0/dpunch

β = 1.67 β = 1.81 β = 1.96

Sheet thickness s = 1 mm s = 1.5 mm
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with a thickness of s = 1 mm and a deep drawing ratio of 
β = 1.81 are shown in Fig. 14. The experiments were suc-
cessful for both materials as well.

For a deep drawing ratio of β = 1.96 a bottom crack occurs 
for the chip-based and the cast-based cups (Fig. 15). This 
means the process success is equal for chip-based and cast-
based material and no difference can be made between the 
distinct cups. A difference in external appearance cannot be 
determined either. Concluding cups based on chips equal to 
conventional material can be produced.

The experiments with the sheets with 1.5 mm thickness 
show similar results. For a deep drawing ratio of β = 1.67 
cups were successfully produced (Fig. 16), however for 
a deep drawing ration of β = 1.81 bottom cracks occur 
(Fig. 17). Also in the experiments with the 1.5 mm sheets 
there is no difference between the chip-based and the cast-
based cups.

The failure occurs for both materials at a deep drawing 
ration of β = 1.81. The outer appearance of both cups is equal 
and no difference can be made.

The results are in good accordance with the mechanical 
properties especially the strain hardening exponent n and 
the uniform elongation of the sheets. Since the values for 
the 1.0 mm sheets are twice as high as for the 1.5 mm sheets 
after soft annealing, enhanced formability can be confirmed 

by the deep drawing experiments as the higher deep draw-
ing ratio can only be achieved with the 1.0 mm sheets. In 
further investigations the heat treatment of the sheets will 
be adjusted to increase the formability of the sheets and to 
determine the maximum achievable deep drawing ratio. The 
experiments show the capability of the chip-based sheets to 

Fig. 14   Results of deep drawing experiments of soft annealed sheets s 
= 1.0 mm for a deep drawing ratio β = 1.81

Fig. 15   Results of deep drawing experiments of soft annealed sheets s 
= 1.0 mm for a deep drawing ratio β = 1.96

Fig. 16   Results of deep drawing experiments of soft annealed sheets s 
= 1.5 mm sheets for a deep drawing ratio β = 1.67
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form basic deep drawn products which can be found in the 
packaging industry for example. Tins and boxes for cosmetic 
products without high requirements regarding their mechani-
cal properties could be a general field of application.

4 � Conclusions

Bent components and deep drawn cups made of aluminium 
chips were produced without melting by the novel process 
route consisting of direct hot extrusion of aluminium chips 
and subsequent flattening and rolling of the extruded pro-
files. Chip-based sheets can be efficiently produced by the 
introduced process steps capable to withstand further form-
ing operations which allow for a production of components. 
The results extend the opportunities of direct recycling of 
aluminium chips to a wide range of products, contributing 
to saving energy, resources and lowering greenhouse gas 
emissions as compared to the conventional melting based 
aluminium recycling route to produce sheet-based products.

AA6060 aluminium chips were cold compacted and the 
extrusion process was designed in order to achieve a sound 
bonding of the chips to ensure a process success. The weld 
quality model by Kolpak et al. [22] was used to predict the 
weld quality of the chips in the final profile and determine 
the optimal process parameters. To validate the results 
of the chip weld quality model, the microstructure of the 
extruded profiles was investigated. A good agreement 
of the predicted weld quality with the extrusion experi-
ments was found. The mechanical properties are constant 
over the complete cross section. A subsequent thickness 
reduction of the chip-based sheets by rolling leads to 

an improvement of the mechanical properties resulting 
in lowering the differences to conventional cast-based 
material. The improvement of chip welding is verified by 
microstructural analyses. Three important conclusions can 
be made regarding the capability of further plastic forming 
operations of chip-based aluminium sheets:

•	 The welding of the chips is sufficient enough to pro-
duce sheets based on aluminium chips and successfully 
perform different forming operations to produce end 
products without material failure.

•	 Air bending to V-shaped profiles produces equally 
defect-free parts possessing similar bending radii and 
bending angles.

•	 Deep drawing of cups with different deep drawing 
ratios is possible and no macroscopic differences are 
observed between cast-based and chip-based cups. In 
both cases the process limits are equal and only the 
deep drawing ratio is limiting the results.

In the future, a further investigation of the ongoing 
processes of welding during rolling will be conducted to 
explain the improvement of the chip-weld quality observed 
after rolling. The anisotropy and the forming limits of the 
chip-based sheets will be identified in order to produce 
more complex components. In addition, a comparison to 
conventional sheet metal produced by casting und rolling 
will be made. For the applicability of the process chain 
in industrial scale, questions about the integration of the 
compaction step and the handling of the chips have to be 
answered. Moreover, the size of the plant especially the 
extrusion press has a direct influence on the dimensions of 
the sheets that can be produced. The main challenges will 
be the organization of the acquisition and preparation of 
chips and the adjustment of the existing plant equipment.
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