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Abstract

The contemporary recycling of automobiles takes place on a very baseline material level. In order to fundamentally improve the ecologic footprint
of the vehicle, a wider application of remanufacturing strategies is intended. Following different recycling approaches ranging from direct reuse
or refurbishment through remanufacturing until repurpose, a well-aimed dismantling followed by manufacturing processes adapted to the post-
consumer components is mandatorily required. For use on an industrial scale, environmental efficiency and economic viability must be balanced
well. Within the paper, possible remanufacturing technologies and necessary prerequisites such as input data are discussed. For the design of
remanufacturing operations, material properties and geometric information are a crucial starting point. Seamless integration of the specific
properties is intended to encourage wider utilization of pre-used components and materials. With reference to the well-established process design
for metal forming operations, adapted material cards and curvature equivalence values are proposed. The approach is illustrated by a reforming
operation, where a brake disc cover is remanufactured from a used car body roof.
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1. Motivation

The ecologic balancing of products and services started with Zi Fraunhofer
its direct consumptions and emissions. This approach,
meanwhile referred to as scope 1, was subsequently extended.
Scope 2 covers the indirect emissions of purchased energy
during production, while scope 3 even contains the effects
adding up along the previous production route of utilized Main functionality
materials and equipment. While the balancing itself can be quite
complex [1, 2] and challenging, appropriate countermeasures
are obvious. To optimize the environmental footprint, recycling
routes must not only be closed, but shortened in order to reduce
those scope 3 emissions. Looking at this objective from a Jtersl Material recycling (re-melting) v:]‘:l'é'c“:;ar:
product perspective, maximum component value should be
maintained. In parallel, the efforts and consumptions of the
recycling and manufacturing should be minimized (Fig. 1).
This can be categorized as the so called 10R strategies [3].

Full specifics Dispositive effort

Minor refreshment

Remanufacturing of Major

Base structure single components reforming

Fig. 1. Value pyramid of maintained value in recycling.
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1.1. Challenges

+In the field of automotive manufacturing, sheet metal is the
dominant construction material. Even if the amount of
secondary raw material in current steel production is 45% [4],
recycling takes place on a very baseline material level.
Accordingly, the effort for casting, hot and cold rolling,
galvanizing and so on counts up (Fig. 2).
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Fig. 2. Conventional recycling loop for metals and reProd® [3].

The aim of shortening the re-entry into the value chain
[5,6,7] is to be achieved by replacing virgin raw material
(coil or blank) by a harvested sheet of pre-used metal.
The subsequent process route of sheet metal forming, trimming
and joining is highly maturated and well-understood by means
of e.g. FEA simulations for conventional, virgin materials.
To enable a replacement of the material, a comparable
knowledge base about the material properties and technological
behavior needs to be developed. This in particular applies to:

e geometric appearance:
e flatness / curvature and
e trim contour

o formability:
e remaining forming limit curve (re-FLC)
e pre-strain / starting point on material flow curve

1.2. Economic boundary conditions

The solutions towards a lowered product environmental
footprint on the one hand need to be technically feasible under
industrial conditions. On the other hand, they also need to be
economically viable under commercial conditions to make the
leap into serial production. From a production engineering
perspective, it is state of the art to concatenate primary and
subsequent forming operations and continuously monitor the
localized material properties. This has been illustrated for a car
roof formed into a brake disc cover component. Technically it
is feasible, but economically it is far from reasonable. The
prerequisite to enable determining the localized material
properties of the secondary raw material is a detailed and
accurate description of the preceding forming and if applicable
flattening operation. This approach is unique for every pre-use
scenario and opens up a boundless matrix of variations. As the
virgin material still is comparatively cheap, the effortful
localized characterization soon sets a limit for potential use
cases.

2. Proposed solution

To overcome the discrepancy between ecologically valuable
remanufacturing and commercial limitations, a more general
approach is proposed. Instead of a specific, localized
characterization, a generalized, qualified assumption of
material characteristics is utilized to describe the secondary
raw material properties in a sufficient manner for a state-of-the-
art production process design.

2.1. Methodology

A survey proved that typical car body outer shells feature
convex or concave global shapes. For this purpose, the
longitudinal and transversal outline of a c-class car
(Volkswagen Golf) was elaborated. The transversal curvature
is comparatively large with radii about 5000 mm and quite
stable along the car body length. In contrast, the longitudinal
section varies in a broad range to form the design-specific
contour line. Curvature radii usually range from 750 mm to
approx. 2500 mm. If one of the curvature radii (ry, 1) is very
large, this indicates a predominantly bent shape. Most common
are convex, double-curved areas in roofs, hoods and fender
segments. Some door outer panels show counter-wise
orientation of curvatures resulting in a saddle shape. An ancient
criterion to describe the relation of those curvatures (kq, k,) is
the Gaussian curvature (K). It is defined as:

1

T2

K=ky*xky==x (1)
T
In contrast to the 3D geometry data, the information about the
part’s global curvature is compressed to the value of a real
number. Still this value contains enough information to
compare complex geometries. The trim contour can be defined
during the harvesting of the blanks in a manual or automated
operation [8]. Car body outer panels are usually formed by a
deep or even stretch drawing, with restricted flange draw-in.
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Accordingly, material thinning is caused by the surface
expansion in deformed versus undeformed (initially flat) state.
Drawing processes can be simulated by bulging operations,
which are widely used for material characterization purposes.
Both, mechanical as well as hydraulic bulging is possible. The
latter provides the absence of friction and a good accessibility
by visual inspection and measurement. Assuming a uniform
strain distribution along a circular section, the elongation € can
be derived from the ratio of curve lengths s in initial condition
and [, in deformed state according to:

£ = In (‘oue) @)

The length of the curve I, depends on the bulging height h.
It can be calculated as follows:

tan(22)+an? +52
lcurve - W (3)

In case of a circular die, the formed bulge is a spherical section.
The diameter of the die corresponds to the initial length and is
by definition equal all around. Therefore, also the elongation in
any section cut is equivalent. By superposition, the equivalent
strain is the sum of elongations in two arbitrary perpendicular
directions. An equi-biaxial strain is observed.

Eops = &1+ & =2%¢ 4)

The radius can be calculated from bulge height and diameter
according to:

4h%+5s2
Teurve = “sn 5

In return, the height of a bulge can be derived from the given
die diameter and intended radius or curvature respectively.

2.2. Preliminary trials

For an initial feasibility assessment of the flattening
operation, small-scale bulge specimen were selected. The
considered material was EN-AW-6016 aluminium with a
thickness of 1.0 mm. Based on a bulge diameter of 135 mm
(Fig. 3, left) and a bulge height of 12 mm, the length of the
bulged section equals 137.8 mm (Eq. 2). This corresponds to
an engineering strain of 2.1% or a logarithmic strain of 0.021
respectively.

Fig. 3. Specimen with bulged form (left) and flattened shape (right).

The bulging operation was followed by flattening between
even plates mounted on a spindle press. The plates blocked
towards the sheet metal thickness. The specimen was forced to
flat state in clamped position. After opening up the tool, a
concentric wave pattern (Fig. 3, right) was observed on the
part. The flattened area itself showed only minor local flatness
deviation up to 0.3 mm, which is less than half of the sheet
metal thickness. In the flange area, a soft, unidirectional
bending was observed, lifting the central area approx. 10 mm
above the outer rectangular trim line. This result looks
promising towards a utilization of flattened secondary raw
materials as a replacement for virgin sheet metals.

2.3. Experimental Setup

The small scale of the preliminary trials prevented a
reasonable strain measurement. Therefore, a larger model
experiment was performed. Aiming for the representation of
the manufacturing process on a larger scale, virgin material
blanks were processed in a hydraulic maxi-bulge test.
The utilized process parameters are summarized in Table 1.

Table 1. Process parameters utilized for hydraulic bulging.

Specification value unit
Material grade DX56D + Z

Sheet metal thickness 0.7 mm
Specimen size 1000 x 1000 mm?
Bulging pressure ~0.5 (ascending) MPa
Bulge diameter 500 mm
Bulge height 51.8 mm

Clamping force 15000 kN

For the strain measurement, a rectangular pattern was
electro-chemically etched onto the specimen surface. Starting
from the initial pattern with 5 mm squares, the intersections
were tracked and the corresponding strain was calculated by
differentiation of the displacement field. After yielding of the
material has begun, the bulge is formed while the fluid pressure
increases only slightly. Therefore, the forming of a specific
bulge height was not controlled by applying a certain pressure.
Instead, volumetric flow was stopped at a triggered height.
Thus, dome heights of 52 mm, 12 mm and 6 mm were realized.
The corresponding radii can be taken from Table 2.

Table 2. Realized bulge geometries.

Maxi bulge test
Diameter s 500 mm
Dome height h 52 mm 12 mm 6 mm
Curve length I e  (Eq. 3) 5143 mm  500.8 mm 500.2 mm
Curvature radius r  (Eq. 5) 627 mm 2610 mm 5211 mm
Curvature k = 1/r 1.595m’  0.383m’ 0.192 m!
Gaussian curvature K = k? 2.54 m? 0.147 m? 0.037 m?
Elongation 2.86 % 0.15% 0.04 %
Equivalent plastic strain 0.056 0.003 0.001
€eps (Eq.4)
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The radii achieved in the maxi bulge test correspond very
well to the values identified as relevant in the initial survey on
automotive outer panels. Still the overall elongation and in
particular the equivalent plastic strain (eps) is on a very low
level and therefore a challenge for optical measurement.
Against this background, the largest deformation was selected
for the comparison between calculated values (Table 2) and
measurement by the Vialux AutoGrid® system (Fig. 4).

Elongation along pattern direction in %

Fig. 4. Elongation measurement by Vialux AutoGrid® system.

Accuracy is severely affected by the precise application of
the reference pattern as well as the optic capture of the
displacement field after the forming operation. The thinning is
calculated by superposition of the elongations in perpendicular
directions comparable to the analytic prediction. In this
particular case, the directions are defined by the orientation of
the pattern on the specimen. Looking at the elongation
predicted analytically (Tab. 2) and measured from the trials
(Fig. 4), a good compliance can be stated. Fig. 5 shows the
superposition of the rectangular elongations resulting in a
thickness reduction of about 5%.

10.0

Resulting thickness reduction in %

Fig. 5. Thickness reduction by superposition of perpendicular strain.

2.4. Estimation of plastic strain

As discussed in the initial chapter, a reduction in
measurement and characterization effort within the
remanufacturing route can significantly improve economic
efficiency. One central aspect is the reliable prediction of strain
in a pre-used component. Therefore, the trial results were
analyzed towards potential correlations. The Gaussian
curvature (Eq. 1/ Tab. 2) represents the spatial deformation
beyond pure bending strain. Assuming predominantly constant
radii (1, 13) and thus curvature values (kq, k), the macroscopic
shape can be converted into a simple, even scalar equivalent
value (K). In the elaborated specimen, it corresponds to the
equivalent plastic strain by linear regression (Fig. 6).

0,06

0,04

0,02

Equivalent plastic strain

0,00
0 0,5 1 1.5 2 2,5 3

Gaussian curvature K in m™-2

Fig. 6. Correlation of curvature and strain.

2.5. Flattening operation

Due to the large dimension of the preformed specimen, the
flattening operation was performed directly between the ram of
a hydraulic press and the top surface of a tooling block mounted
on the press table. The applied force was 1390 kN, resulting in
an average pressure of 1.4 MPa. Comparable to the preliminary
trials (Fig.3), also a concentric wrinkling pattern was
observed. Due to the local contact, the actual contact pressure
varies significantly. During the closing of the tooling gap,
reacting force increases to a maximum. Further, even severe
increase in press force actually does not cause any notable
change in the strain state. The portion of stored elastic
distortion springs back during the opening of the flattening
tool. This results in a typical low-curved wave pattern. The
height of those imperfections in the flattened secondary raw
material blank are compared in Figure 7 and 8.
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The overall height of the flattened parts is approximately
half of the initial bulge height. In the center area, there is a local
strain maximum. Due to the localized contact, surface
deformation occurs and leads to this singular strain peak.

0.45
l 04

0.3

0.25
wh

0.2

0.15

Equivalent plastic strain

0.1

0.05

0
Initial condition: $

Dome height
h =6 mm

Fig. 7. Flattening of maxi bulge specimen with initially 6 mm dome height:
top view on strain distribution and section cut with remaining curvature.

0.45

0.15

Equivalent plastic strain

0.05

0

Initial condition:
Dome height
h=12mm

Fig. 8. Flattening of maxi bulge specimen with initially 12 mm dome height:
top view on strain distribution and section cut with remaining curvature.

Around this central region, the residuals of the concentric
wrinkling pattern still are present on the flattened component.
The contact areas are visible as shiny spots on the metallic
surface. As radial movement is a restricted boundary condition
for the bulged specimen, the flange was removed from a further
part. This results in an unrestricted radial movement of the trim
edge, limited only by the tangential strain necessary for a lateral
displacement. The flattening result of the trimmed bulge is
shown in Figure 9.

0.45

Equivalent plastic strain

Initial condition:
Dome height

h =12 mm,
trimmed flange

Fig. 9. Flattening of trimmed bulge specimen with init. 12 mm dome height:
top view on strain distribution and section cut with remaining curvature.

The remaining height can be reduced from 6.7 mm to
4.8 mm which is a reduction by 28%. The local strain peak at
the center remains nearly unaffected.

2.6. Demonstrator part and practical considerations

Regarding potential concerns from the conservative
automotive industry, a brake disc cover was chosen for an
initial demonstration. This component is present several times
on every car, regardless of its size or propulsion system and
therefore has a considerable leverage effect. Beside that,
typical material grades (HX220YD / HCI180B / DC54,
depending on car model) and sheet metal thickness of s, =
1,0 mm between the harvested and intended component match
each other. The conspicuous reinforcement pattern of the brake
disc cover requires a considerable local formability and thus is
a suitable indicator for the remaining performance of the SRM.

For practical applications, the flattening operation does not
mandatorily require a unique process step. It can be briefly
integrated in the subsequent forming operation. As a first
example, the flattening of a secondary raw material blank
harvested from a car roof was performed during closing the
blank holder of the deep drawing stage. Due to the low
curvature of the blank, neither proper alignment on the blank
holder nor wrinkling was a concern. The tooling equipment and
stamped component are illustrated in Figure 10.

The process design was made by a conventional, step-by-
step sequence of forming, trimming and re-forming operations
in a state of the art AutoForm® FE analysis. Therefore, the full
forming history was transferred between the stages. Still the
strain portion from the initial forming is several orders of
magnitude lower than the subsequent process. This is also
congruent to the low equivalent plastic strain values presented
in Table 2 and can be considered by an initial offset of plastic
strain in the flow curve as well as the forming limit curve
(FLC).
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drawing die mounted on

brake disc cover component

hydraulic press with residuals of initial paint

Fig. 10. Combined flattening and deep drawing process of a brake disc cover.

During the initial trials, a circular blank with 424 mm
diameter was successfully formed. Still, those parts require a
subsequent trimming operation to fulfill the intended
functionality. To shorten the process chain and thus even
improve the overall economic efficiency, the trimline was
predicted by means of Finite Element Analysis (FEA) and
directly generated during the cutting of the blanks on a CNC
machine “TruPunch5000” as well as in a CNC-controlled laser
cutting cell. Ensuring a repeatable positioning in the forming
tool, a stable forming operation and stable trim line tolerances
could be achieved. For the outer trim, a general trim tolerance
of £1 mm is usual in the automotive industry and met by the
parts produced. To date, about a hundred parts have been
produced without any disturbing trend or even tool wear.

2.7. Estimation of economic balance

Even though the processing and related cost is strongly
depending on the specific geometry of the component, a
exemplary calculations can be provided. Aiming for a holistic
approach, the conserved energy is compared to the effort during
harvesting and further processing of the SRM blank. In the
particular case, the weight of the shaped blank is 393 g.
Accounting the accumulated energy along the raw material
production route [9], this equals an energy amount of
3.75 kWh. The direct consumption of the laser cutting system
is 5 kW while in operation. The whole laser processing cell has
a peak power consumption of 35.7 kW. The trim length of a
single blank is 1326 mm. Based on a maximum feed speed of
about 65 mm/s and estimated 25 mm/s in average, the
processing time is 53 s. Depending on the handling time
(+100% overhead on processing time), the 106 s generate a
energy consumption of 1.05 kWh which is less than a third of
the conserved value. So, there is still a portion of energy
available for the handling and storage process which is not yet
included in the balance.

3. Summary and outlook

Heading towards reduced environmental impact of products
and resilience in the material supply, utilization of secondary
raw materials (SRM) is able to provide a huge leverage effect.
Still economic boundaries need to be matched. By a simplified,
less effortful assumption of typical SRM properties, an
individual material characterization process can be avoided.
The ancient Gaussian curvature is a valid tool to compare
previous deformation and derive mechanical behavior. By
integration of the flattening into the subsequent forming, the
economic efficiency of the overall process is improved.
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