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Abstract

Approximately half of global steel production is dedicated for manufacturing sheets. Due to global warming, geopoliti-
cal instabilities and rising raw material costs, recycling sheet metal is increasingly important. Conventional recycling has
inefficiencies, therefore improving material efficiency and adopting circular economy strategies is necessary to halve CO,
emissions by 2050. This paper presents a review of sheet metal reuse techniques and introduces an innovative remanufac-
turing framework of curved steel sheet, with a special focus on the automotive sector and car-body panels. To support the
framework presented, an experimental procedure on small-scale samples was carried out. The material tested was DC 0.4
steel parts (0.8 mm thick) characterized by different curvature radii. The material was reshaped and flattened under dif-
ferent conditions to understand the effect of the process variables onto the final quality of the remanufactured parts. The
experiments showed that even parts with small curvatures can be flattened and reshaped with success. Lastly, to support the
general remanufacturing framework presented, some flattening simulations of a large car-body are presented, revealing the
importance of implementing a dwelling stage in the process and the advantage of performing such process with heated tools.

Keywords Sheet metal remanufacturing - Flattening - Circular Economy - Car-bodies

Introduction

Unsustainable exploitation of natural resources is the conse-
quence of the economic progress and industrial development
over the last 50 years [1]. Implementing eco-design pro-
cesses into supply chain management can reduce the impact
of automotive industry on the environment by reducing the
use of the fuel, increasing the use of recycled materials [2].
Recycling of steel sheets has a direct positive impact on
both costs and environment [3]. The iron and steel industry
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releases massive amounts of environmentally harmful sub-
stances, becoming the second largest energy user in the
global industrial sectors [4]. Allwood [5] remembers that
one fifth of the metal produced is cold rolled into thin sheets
for subsequent forming. It is therefore crucial for engineers
to examine the entire process chain of sheet metals, includ-
ing recycling, looking for potential resource efficiency
improvements.

Modern automotive recyclers use efficient processes to
recover valuable materials like steel and aluminium alloys
from end-of-life vehicles [6], whose extraction is highly
energy demanding [7, 8]. Disassembly, shredding and sepa-
ration techniques are used for car body parts at the end of
their life [6]. The quantity of metal recycled from end-of-
life vehicles is a result of the technology available and the
extent to which the technology is used in the scrap process-
ing industry [9]. The separated molten metal is then reintro-
duced in the primary production of metal parts.

Sheet metals represent a wide percentage of the global
market [10] and the global steel demand is expected to
increase further [11], with a predicted a growth from 1.6
Gton in 2020 to 2.4 Gton in 2100 [12]. As a consequence,
the secondary steel production (i.e. from scrap) share is
expected to increase as well [13]. For these reasons, the need
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for rapid implementation of joint supply- and demand-side
mitigation measures around the world in consideration of
regional conditions is becoming fundamental [14].

Steel can be produced through different routes and with
different percentage of recycled material [15]. Making steel
from virgin iron ore is energy-intensive, taking 15-24 GJ/t,
(mostly from coal). Instead, producing new steel from scrap
steel requires only 1.3-6.0 GJ/t, with the advantage of using
renewable energy sources [16]. Harvey found relationships
to calculate energy needs for producing hot metal (pig iron)
in a blast furnace or direct reduced iron (DRI), and trans-
forming hot metal and DRI into crude steel in a furnace
using scrap iron or steel of varying purity [17].

Due to the limitedness of natural resources and geopoliti-
cal problems, the demand and the price of steel is increasing
as well. Other factors leading to price and demand crisis in
the last three years are connected to supply risk and depend-
ency, import/export limitations, impossibility to substitute
materials, technologies and suppliers [18].

The conventional metal recycling stages have dem-
onstrated to be less energy-demanding than raw material
extraction and production: roughly 40% of the world's steel
is presently made from scrap sources [16, 19]. According to
Raugei [20], the recycling gain in terms of kg CO,®Q emis-
sions and cumulative energy demand avoided is for both
indicators around 90% of the impacts associated to the raw
material (excluding manufacturing). Broadbent [21] showed
that for every kg of steel scrap that is recycled at the end
of the products life, a saving of 1.5 kg C02EQ emissions,
13.4 MJ primary energy and 1.4 kg iron ore can be achieved.
This equates approximately to 74% and 90% reduction
respectively, when compared to 100% primary production.

Despite the benefits of conventional recycling, the energy
consumed for such process is still relevant: the resource con-
sumption for remelting and subsequent milling is estimated
to be on average 9.54 MWh/t for steel parts [22]. Further-
more, during remelting, a part of the liquid metal is lost due
to oxidation and process inefficiencies. According to Cullen
[11], overall, one-quarter of all liquid steel produced never
makes it into end-use goods, but is discarded as scrap during
casting, forming and fabrication. Developing a sustainable
scrap management strategy and identifying compositional
tighter recycling loops is therefore crucial [23].

To meet the 2050 climate change targets, a 75% reduction
in CO, emissions for every ton of steel produced is required
[11]. According to Allwood [24] and Milford [25] this is
unlikely and the belief that new technologies will eliminate
the harms of climate change is only a dream that cannot
be realized [26]. The authors highlighted that the reduc-
tion of emissions and energy achieved by using efficient
manufacturing technologies is not enough: new “material
& resource efficiency” techniques must be adopted to really
face the problem. Improving material efficiency is defined
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as reducing the volume of new material production needed
to deliver a specific material service [27].

In response to the issue above raised, the scientific com-
munity has been increasingly exploring and studying more
energy efficient and “green” solutions for expanding the
circular economy strategies of metals. The strategies stud-
ied the most are aimed at improving material efficiency and
reduction of material use. For instance, Worrel et al. estimate
that reductions of 50% of the material use could be achieved
in the construction and packaging industry [27]. Eliminating
process scrap at the downstream of the melting phase would
reduce the liquid steel production by 26% [24].

According to several authors, the most effective way to
improve material and resource efficiency is through reuse;
Cooper stated that approximately 30% of steel and alumin-
ium used in current products could be reused creating sig-
nificant savings in carbon emissions [3, 11, 28]. The reuse
techniques have been classified according to Table 1, while
the main enablers and barriers for Reuse are reported in
Table 2.

Focusing on the reuse of sheet metals, the general opinion
of the scientific community is that there is margin to replace
the conventional remelting and subsequent refinement of
metal panels with more innovative, efficient and sustainable
melt-less recycling techniques [28, 32]. These practices can
be divided mainly in two approaches: solid state recycling
and direct remanufacturing for reuse of metal panels.

Solid state recycling involves the formation of a billet
starting from shredded particles and/or milled powders.
Several routes are possible (Spark Plasma Sintering (SPS)
with compaction, hot compression [38], hot rolling [39]
and cold/hot extrusion of chips), which provide significant
energy savings and substantial elimination of the metal loss
typical of the conventional remelting process [6]. Paraskevas
et al. [40] examined a powder metallurgy route as a solid
state recycling technique for the fabrication of a two-phase
material via Spark Plasma Sintering. This technology seems
very promising to obtain net-shape components made of
intermetallic alloys with a fine microstructure. Duflou et al.
[41] performed an environmental assessment of solid state
recycling techniques to manufacture high density aluminium
alloy parts, focusing on spark plasma sintering (SPS), hot
extrusion and screw extrusion. They estimated energy sav-
ings with a factor 2 for SPS and 3—4 for extrusion.

Table 1 Classification of “Reuse” strategies [3, 28]

Reconditioning Use in the same  Use in a different product type
product type

Extensive Remanufacture ~ Reform (or reshaping)

Superficial Relocate Cascade”

* Sequential and consecutive use of resources[29]
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Table 2 Enablers and barriers for reuse

Physical enablers

Physical barriers

e Design for reuse [30]

e Standardized components [3]

e Physical, chemical and mechanical durability [3, 31]

e Mature technology and design (i.e. design for minimum manufactur-
ing scrap and yield losses) [3, 11, 26, 31]

e Modularity: allows upgrade, repair, disassembly, downcycling, main-
tenance or product upgrades [3, 11, 27, 31-33]

o Lightweight design [31] or material substitution [34]

Business enablers

e Knowledge of technical properties at end of life

e Ability to protect a brand name and intellectual property

e Vertically integrated companies

e Lower capital costs than new production [3]

o Business opportunity for open/closed loop recycling and diverting
scraps [3, 11, 37]

o Product relocation in a new market [28]

o Low scrap prices of renewable or recycled materials [3, 33]

e Components that are irretrievable

o The technology is obsolete by end of life [3]

o Old components incompatible with new designs or specifications [3,
28]

e Degradation or lower performance [3, 28, 35, 36]

e Sorting problem [3, 35, 36]

Business barriers

e Legislation (for instance banned old products) & tax policies that
favour demolition and rebuild

o Planned and unplanned obsolescence

e Sale rebounds effects, also due to customers trends or habits [3, 35,
36]

o Not adequate infrastructure [3]

e Cheap imports

e Supply chain gaps/lack of integration

e Labour costs and time required to employ reused materials

e Logistic challenges

o Lack of availability/storage [3, 28, 35, 36] and lack of traceability in
the supply chain [35, 36]

Another interesting route to recycle sheet metals is
through friction consolidation. Baffari et al. [42] analysed
the feasibility of a rotating die plunged into a hollow
chamber containing the material to be processed, i.e. small
metal chips obtained by shredding sheet metal. The work
of frictional forces decays into heat, thus softening and
bonding the material. Bendikiene et al. [43] found another
way of recycling metal waste scraps in form of chips: they
used the Submerged Arc Welding method (SAW) with
metal waste (turnings, shavings, debris, and chips) to pro-
duce wear resistant hard-facings. Despite the technical
feasibility, the solid-state routes mentioned seems suited
to the recycling of small volumes.

Reshaping strategies are meant to directly use a metal
panel avoiding shredding and compaction and providing
new shape or directly performing new stamping operations
on it. Ali et al. [44] proposed an innovative recovering
strategy for sheet metal scrap from the automobile indus-
try. The idea is to directly use the sizable sheet metal scrap
generated from the car-body manufacturing process in the
automobile industry to design and fabricate new metal
facade systems for buildings exteriors. The authors esti-
mated a cost reduction of approximately 40% (400 $/ton)
and savings of approximately 67% (10 MJ/kg) of energy
consumption. This could create a symbiosis between the
auto industry and the construction industry, generating a
secondary closed supply-chain loop to achieve both cir-
cular economy and energy savings. The authors used flat
panels coming as post-industrial blank scrap, thus limiting
the problem of remanufacturing and reshaping an already-
stamped part.

Sheet Hydro-Forming technology (SHF) has been
recently employed for reshaping end-of-life (EoL) compo-
nents [45]. The technology showed promising results but
at the same time more demonstrated to be more technically
challenging than conventional forming.

Several studies addressed the suitability of Single Point
Incremental Forming (SPIF) to reshape EoL parts. In gen-
eral, it was found that the environmental impact of reshap-
ing via SPIF brings benefits in terms of Cumulative Energy
Demand and CO,-eq. emissions [7-46]. Other studies proved
that SPIF is more sustainable than conventional recycling
and Solid-State Recycling (SSR). Takano et al. exploited
incremental forming [47] to achieve non-uniform and flat-
tened sheet metals from metal cases wastes by dismantling
and unbending alongside the edges. In a recent research,
Nicholas et al. described a workflow that connects 3D scan-
ning, design automation and fabrication methodologies for
repurposing EoL metal via robotic incremental sheet metal
forming [48].

Despite the promising environmental benefits of SPIF,
the technology seems suited for small production runs, part
development or prototyping due to the need of programming
the toolpath depending on the specific case study considered
[49].

An efficient example of secondary raw materials reman-
ufacturing is the work of R. Haase [22], who presented a
qualitative scheme of how the level of maintained value of
product changes according to recycling, remanufacturing,
reworking and reuse. Then a pre-used material (car roof)
was used to obtain by stamping operations a brake disk
cover part. Haase highlighted that secondary raw materials,
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being cold formed, experienced strain hardening which in
turn induces a lower residual formability and higher stamp-
ing forces for the second forming cycle. Regarding this
issue, Falsafi et al. [50] introduced a reformability index for
addressing the problem of cold recyclability of sheet-metal
products to assess a deterioration effect of the flattening pro-
cess. The authors considered as predominant mechanisms of
flattening an unbending process. The index represents pos-
sible levels of strains for deformation along different paths.
Z. Abdullah performed a sustainability assessment of a
novel routine to remanufacture end-of-life passenger car
waste sheet steel into mesh sheet [51]. The author com-
puted five sustainability indexes considering management,
economic, technical, environmental, and social aspects.
Abdullah demonstrated that remanufacturing is a viable
route that could bring substantial environmental benefits.
The author demonstrated also that complex car designs
require more challenging remanufacturing. The best com-
ponent for remanufacturing is the roof, followed by the hood
[52]. The typical materials used for body parts are shown in
Fig. 1. Further technical details and economic analysis of
such remanufacturing process were published in [53].
Given the potential benefits for the environment and the
possibility to initiate a circular economy business, more and
more solutions for material reuse will soon be required. In
the automotive sector, innovative cold-reforming and join-
ing technologies, coupled with systems to retrieve material
information, can allow a second life before melting through

Hood:
Aluminum

Motor Compartment Rail:
HSLA / AHSS

Engine Cradle:
HSLA 350 - 700 MPa

Bumper Fascia:
Plastic

Bumper Structure:
Steel 980 - 1200 MPa or

Aluminum
Fender: Door Outer:
Mild or Bake Bake Hardened Steels
Hardened Steels
Door Inner:
Mild Steel

Fig. 1 Example of first use component (car roof) [54]
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Sunroof:
Polycarbonate

remanufacturing of car-bodies, providing added-value to
customers as well as new market opportunities for equip-
ment manufacturers [55]. Modern tools of inspection tech-
niques can be used as supporting tool for classifying com-
ponents suited for remanufacturing [56].

In this paper, the feasibility and the potential problems
involved in the remanufacturing by flattening of thin auto-
motive body steels will be investigated. This study repre-
sents a first step to assess, from a practical/technological
point of view, the feasibility of the remanufacturing and
flattening process.

In Sect. 2, a remanufacturing process chain based on flat-
tening of automotive sheet metals is briefly proposed.

In Sects. 3 and 4, the results of experimental tests are
presented and discussed. The tests are aimed at quantifying
the feasibility and the environmental impact of the proposed
process for a thin automotive steel. Section 4 will answer
several research questions, such as which curvature radii
can be flattened for a given sheet initial geometry, what are
the differences between warm and cold flattening, which is
the thickness distribution and elastic spring-back of a flat-
tened part, how useful is the role of a dwelling phase while
flattening.

In Sect. 5, the general feasibility of the proposed process
and its scalability to a real size car panel is verified by means
of Finite Element (FE) simulations. Section 5 will demon-
strate what level of force is required according to a given
realistic geometry to be flattened.

Roof:
Mild Stee!

Decklid:
Mild Steel

Body Side Outer:
Mild Steel
A Pillar:
Steel 1000-1500 MPa
Tensile / Hotformed

Floor:
Mild Steel

HSLA
AHSS
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A process chain for reshaping outer
car-bodies by flattening

Automotive production is a typical resource- and energy-
intensive industrial sector, and is a prime market for reman-
ufacturing and direct reuse [57]. In this Section a novel
remanufacturing cycle for car body panels is proposed. The
concept is to exploit EoL-car bodies (preferably large pan-
els) to produce metal sheets reusable for a new life.

Process chain for flattening and reshaping car bodies A
description of the flow of activities for flattening car-bodies
for a new use is reported in the following list.

e STEP 1. Arrival of the input material: EoL car-body
part.

e STEP 2. Rapid geometry detection and material assess-
ment through portable 3D scanners and ED-XRF port-
able guns respectively. The geometry and material detec-
tion could be used to perform rough FE simulations for
the part to be flattened.

¢ STEP 3. Remanufacturing cycle planning, i.e. determina-
tion of final flattened shape and process parameters. The
largest car panels, having often a given curvature, should
be first trimmed and then flattened to standard shapes,
either flat or embossed or punched.

e STEP 4. Blanking by Abrasive WaterJet (AWJ) or other
3D trimming methods.

e STEP 5. Press forming, i.e. flattening. This process could
be performed with a hydraulic press varying the tempera-
tures of the tools, the dwell time and dwell force.

e STEP 6. De-coating and/or descaling (if required), sur-
face treatment (if required).

e STEP 7. Final trimming (if required).

e STEP 8. Characterization of flattened part. The flattened
material will have non-uniform thickness and non-uni-

form strength. The strength and strain map must be char-
acterized by experimental measurement or predicted by
FE simulations.

The flattening process through pressing seems to be
more flexible and better suited to industrialization than
the other reshaping technologies. For instance, SPIF
requires long time for shaping the parts and the tool path
is function of the shape of the first use component. In this
case, using a hydraulic press, the tools are simply hard
steel plates able to flatten car bodies of different models
in a “short” time. The tooling costs are expected to be
reduced due to the simple geometry. Flattened parts, once
characterised, can be then used as regenerated blanks for
subsequent forming or shearing applications. The pro-
posed cycle clearly produces blanks which are not uni-
form and perfect, which might have some defects, but
final imperfections are not necessarily a problem for some
final intended uses and applications [58]. Some possible
problems and technological limitations of the proposed
remanufacturing strategy are considered and reported in
Table 3.

Adapting the suggestions provided by Dunant to this
specific case study, the proposed remanufacturing pro-
cess becomes profitable under some conditions [60]. The
reshaping strategy should provide high-quality remanu-
factured parts and there must be a sufficient demand able
to recover the expenses and to provide competitive prices
for sheet metal panels. For improving process efficiency of
the direct remanufacturing process, the following require-
ments should be verified: high recycling rates (i.e. flat-
tening large panels without complex features), automated
production line (warehouse, panel selection, flattening
and final reshaping), small setup times, limited investment
costs, flexibility in flattening and reshaping different first
use components of different car models.

Table 3 Expected technical problems of the remanufacturing process of car bodies

Expected technical problems or limits

Consequence

Non-uniform thickness distribution in correspondence of small curvature

radii flattened

Non-planar shape due to elastic spring-back post flattening

Impossibility of flattening sharp features or very small curvature radii of

car bodies (R, ;. ~4/5 mm)

min

Reduced material formability and increasing forming forces post flatten-

ing due to plastic hardening
Impossibility to flatten features with small curvature radii
The remanufactured parts are panels, not coils

Press electricity consumption (further details in [49, 59])

Not all car panels (or only a portion of it) could be properly flattened.
The parts which can not be flattened must undergo conventional
recycling by melting

Decrease in part quality

Possible formation of a fold while flattening (the material bends on
itself)

Reduced number of applications

Risk of wrinkles or superficial defects
Not suited for processes like progressive die stamping

Increasing production costs and reducing the environmental benefits

@ Springer
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Fig.2 Geometrical parameters defining the shape of the Nakazima-
like sample. The dimensions are D =55 mm, R=20 mm, L=6 mm

Experimental campaign

To understand the operative combinations of tool tempera-
ture, dwell force, dwell time to be applied for different cur-
vature radii typical of car-body panels, some experimental
trials were performed at small scale on small thin steel sam-
ples. This was needed to test the feasibility and influence
of process parameters on the results of the flattening pro-
cess. The experimental methodology is briefly described as
follows:

STEP 1. Sample blanks (Fig. 2) are cut through Abrasive
Waterjet cutting. The sample geometry has been designed
similar to the one used in Nakazima tests [61]. It is a
round specimen of diameter D =55 mm where two cir-
cular regions of radius R =20 mm have been removed.
The test material is a 0.8 mm DCO0.4 steel sheets (EN
10130/10139), a typical autobody material.

STEP 2. Forming stage of the samples (Fig. 3) by deep-
drawing through a modified Erichsen [62] cupping test.
Varying the punch stroke during the Erichsen cupping
test, different geometrical features and curvatures are
obtained. In this paper, the punch stroke applied to the
specimens is indicated as EI.

STEP 3. Flattening was performed through a hydrau-
lic press (a single action 150 tons press). The press is

Fig. 3 Different EI values for
the Nakazima-like samples
(geometry obtained after
deep-drawing with the Erichsen
machine)

EI 2 mm

@ Springer

Fixed punch

Fig.4 Qualitative description of the hydraulic press with heated
tools. The largest sample that can be flattened must be inscribed in a
60 mm diameter circle

equipped with heated tools, which can reach up to 300 °C.
A scheme of the press is reported in Fig. 4. STEP 3 was
repeated twice: first, a screening experimental campaign
was carried out to roughly define the suitable process-
ing condition window, a refined Design of Experiments
(DoE) was run, presented in Paragraph 3.2. In the experi-
mental campaign, different conditions have been tested:
in cold and warm flattening, changing the dwell force, the
geometry tested and the dwell time.

The flattening cycle is implemented as the sequence of
4 steps, approaching, flattening, dwelling and releasing:

e Approaching. The punch in Fig. 4 moves fast
(> 10 mm/s) approaching the sample; when the
punch is close to the sample to be flattened (but still
not in touch), the vertical velocity of the piston is
reduced to 1 mm/s.

e Flattening. The displacement continues (at 1 mm/s)
until the press tonnage exceeds the predefined set
level. This force is reached when the sample is
almost completely flattened.

e Dwelling. When the tonnage has reached the set
value, the piston is held in position for a given dwell
time.

EIl 4 mm EI 6 mm
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e Releasing. After the dwell time, the tonnage is
released, and the piston moves up. Figure 5 and
Fig. 6 represent the typical shape of the flattening
cycle in terms of punch displacement vs. time and
punch force vs. time respectively.

STEP 4. Residual formability tests for the flattened speci-
men deriving from the DoE, thickness distribution meas-
urements, defect characterization, additional FE simula-
tions to characterise the stress and strain history in the
material and final results analysis.

These samples, once deep-drawn with the Erichsen test-
ing machine, emulate small features of car body panels.
In fact, these parts are characterized by one preferential

plane in which the radius of curvature Ry ranges few
millimeters to 30 mm. Instead, the curvature radius meas-
ured onto a plane orthogonal to the first one is at least one
or two orders of magnitude bigger than Ry, as visible
in Fig. 3. The curvature radii of the formed sample along
the X direction (Fig. 2) are close to the curvature radius
of the punch of the Erichsen machine (~ 10 mm at the
top) and are almost independent on the EI applied. The
curvature radii between the flange (planar portion) and
the “cup” resembles typical curvature radii of bent car-
bodies. By changing the EI from 2 to 6 mm, this curva-
ture radius at the base of the specimen can be varied from
about 32 mm to about 8§ mm respectively. The geometry
has been designed to avoid the formation of wrinkles dur-
ing flattening and the tested EI values were selected not to
induce any kind of failure.

Fig.5 Punch position vs time 200~ T T T T T =
for 2 s and 60 s of dwell time =
E 1801 7= 60s
S
— 160 -
=
O 140/
=
8 120 - s
o 100 |
<
8 80 |
=
0 60~ .
L
O 40
o
S |
o L ! L L ! ! L
0 10 20 30 40 50 60 70
Time [s]
Fig.6 Punch force vs time for 70 = 2s
2 s and 60 s of dwell time
7= 60s
60
é 50 - =
()
O 4o
S Il IHIIIIIIM L1 - [I
= 30F .
(&)
oy
S 20- 4
o
10 _ﬂl
0 L “ 1 1 1 |
0 10 20 30 40 50 60 70
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Screening experimental campaign

A screening experimental campaign was carried out with
the aim of understanding the process parameters mostly
influencing the flattening. The results of the analysis have
been used to properly define a DoE, as described in Para-
graph 3.2. The samples have been deep-drawn with the
Erichsen machine using EI from 2 to 5 mm, both with
the tool at room temperature and at 240 °C, using differ-
ent dwell times (2 s or 60 s) and different dwell forces.
The blanks were not pre-heated, i.e. they were initially
at room temperature, while they obviously received heat
from the upper and lower tool and they heat-up during the
flattening process.

In most of the conditions tested, the deformed speci-
mens were flattened to a visually acceptable level, with
almost no spring-back. Furthermore, due to the geometry
chosen, no wrinkles nor buckling have been observed.
All the tested geometries behaved quite similarly, and
the results obtained were adequate even in cold forming
and with a short dwell time. The results (summarised in
Table 4) show that increasing the dwell force Dwf to very
high tonnage the non-planarity is minimized even if the
process is carried out at room temperature onto highly
deformed specimens (specimen 6, Table 4). The parameter
“flattening quality” (sixth column in Table 4) has been
defined in a qualitative way by visual inspection, position-
ing the specimen in a predefined way. Such parameter is
a binary variable: it assumes the value 1 for clearly non-
planar and non-acceptable specimen (as in Fig. 10-e) and
0 for sample flattened to an acceptable quality.

Design of experiments

A full-factorial DoE was conducted on samples prepared
as described in Paragraph 3.1. The samples were sub-
jected to a constant dwell force (Dwf) equal to 3.68 tons,
which corresponds to an average pressure of 30 MPa. Dwf
was kept constant because during the screening experi-
mental campaign it was observed that values lower than
3.68 tons occasionally gave control errors of the press and
values significantly higher than 3.68 tons did not allow to
discriminate well the role of the other three factors: dwell
time t, EI and tool temperature T (Table 4). The factors
were varied at two levels, with a randomized sequence
of tests.

The DoE results, including replicates, are presented in
Table 5. The main response variables of interest are the pla-
narity (flattening) of the flattened parts, evaluated with a
binary variable (similarly to Table 4) and the visual qual-
ity of the flattened parts (punch marks, oxidation). Besides,
thickness values of the flattened parts at specified locations
was measured and the strength and formability after flatten-
ing was evaluated by tensile testing.

Tensile test of reshaped and as-received samples To
understand the impact of the reshaping cycle onto the
residual formability, tensile tests onto the Nakazima-like
samples (both as-received and flattened) were performed.
During drawing and flattening the material undergoes a
strain history, which alters the mechanical behaviour of
the samples. Figure 7 describes the experimental setup
used for testing the parts.

Table 4 Different processing

- EI [mm] T [s] Dwf [ton] T[°C] Flattening
conditions used for the . -
Nakazima-like specimen. The Specimen no Sample height Dwell time Dwell force Tool temperature Quality
ey el | ; : o w o
both in the entire screening 2 5 2 16.1 25 0
experimental campaign and 3 3 2 2.3 25 0
DoE. Some qualitative results 4 5 2 23 25 1

f visual inspection are re
?n this table.pThe last coluﬁ?r:;ei% > 3 2 2.3 25 !
the flattening quality, where “0” 6 5 2 138.2 25 0
means the sample is visually 7 2 2 1.8 25 1
flat, “1” means the sample is 8 4 ) 1.8 25 1
visibly non-planar 9 5 2 18 240 0
10 4 2 1.8 240 1
11 2 60 1.8 240 0
12 2 60 2.3 240 0
13 2 60 4.6 240 0
14 4 60 3.7 240 0
15 4 2 3.7 240 1
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Table 5 Summary of flattening tests. Flattening quality “0” means the
sample is visually flat, “1” means the sample is visibly non-planar.
For punch marks, Grade “0” is the best quality, grade “2” is the worst.
Dwf was kept constant at 3.68 tons

Sampleno t[s] EI[mm] ToolT [°C] Flat- Punch marks
tening
quality

Pl 2 2 25 0 0

P2 60 2 25 0 0

P3 60 6 25 1 2

P4 2 6 25 1 1

P5 60 2 25 0 0

P6 60 6 25 1 2

P7 60 2 25 0 0

P8 2 2 25 0 0

P9 2 6 25 1 2

P10 60 6 25 1 2

P11 2 2 25 0 0

P12 6 25 1 2

P13 2 300 0 0

P14 60 2 300 1 0

P15 2 6 300 0 1

P16 60 2 300 0 0

P17 2 2 300 0 0

P18 60 6 300 1 2

P19 2 6 300 1 2

P20 60 6 300 1 1

P21 60 2 300 0 0

P22 60 6 300 1 1

P23 2 6 300 1 1

P24 2 2 300 0 0

Press power measurements Alongside with the DoE, the
electric power consumed during the flattening operation was
measured by means of suited “Hall-effect” current sensors.
An example of the data acquired is reported in Fig. 8.

Fig.7 a) Tensile test machine
and mounting of the speci-
men. The displacement speed
imposed during the test is

Al = Smm/min. b) Onset of
plastic failure for the Nakazima-
like sample

Tensile test |
machine

Sample

FE simulations of the complete process chain

The entire forming cycle (deep drawing, flattening and resid-
ual formability test) has been simulated for sample P18 in
Table 5. This condition of the DoE is interesting because
characterized by the highest values of EI, t and tool tem-
perature. The FE simulations, implemented in FORGE NxT,
were meant to have a better understanding of the stresses and
strains experienced by the material during the complete pro-
cess chain. The material for the sheet is isotropic DC04 and
the mechanical properties implemented by the simulation
software follow the c-¢ curve reported in Fig. 9. The curve is
automatically generated once that the mechanical properties
of the sheet are imported (Young’s modulus E=200 GPa,
Yielding stress oy = 250 MPa, Ultimate Tensile Strength
UTS =340 MPa and elongation at maximum force equal to
36.5%).

The sample is meshed with an initial mesh of tetrahedral
elements with size of 0.4 mm (corresponding to 2 elements
through the thickness) for the drawing stage and initial mesh
size of 0.2 mm (corresponding to 4 elements through the
thickness) for the flattening operation. Remeshing on defor-
mation of the part is activated. In the flattening simulation,
the tools were finely meshed to better model heat conduc-
tion. Self-contact option was activated to prevent the ele-
ments self-penetrating in case of folds. The actuator speed
was set at 1 mm/s. Friction between the sheet, the punch
and the die (Fig. 19) was assumed as “high” with Coulomb
limited Tresca model with p=0.2 and x=0.4 for the forming
stage. The same conditions are applied between the sheet
and dies during flattening. Regarding the cupping test, the
nodes of the sheet at the interface with blank holder (Fig. 19)
have a sticking contact condition in order to simulate a real-
istic and well-clamped drawing process. Thermal exchange
between the tools and the sheet was assumed with a heat
transfer coefficient of 20,000 W/m?K. Latham and Cockeroft
normalized parameter was activated to detect shearing with
a trigger value of 0.5, above which element deletion occurs.
With these parameters, the drawing simulations lasted 10
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Fig.8 Power consumption for 20000
one flattening process (t=2s, E 18000 Y e T,
EI=4 mm, tool tempera- ‘E‘ 16000 W ‘ .si [}
ture=25 °C, Dwf=3.68 ton). & L4000 ﬂ ( [
Between 0 s and 3.55 s the a } l ‘ L*\
piston fast approaches the part g 12000 L L_.
(> 10 mm/s). From 3.55 s to Z 10000 / ‘
7.8 s the piston moves with a S 8000 s
constant speed of 1 mm/s. At 5 6000 \
4.4 s the punch touches the % 4000 l \
sample and starts flattening it. ~ ‘ .
The dwelling stage lasts from 2000
7.9 510 9.9 s, then the punch 0 0 5 4 6 3 10 12

moves upwards

and 6 min (EI 6 mm and EI 2 mm respectively, T=25 °C),
the flattening simulations lasted 1 h 20 min and 41 min (EI
6 mm and EI 2 mm respectively, T=300 °C) and the simula-
tion of the tensile tests of flattened sample lasted 3 h 37 min
and 45 min (EI 6 mm and EI 2 mm respectively, T=25 °C).
The results of the simulations are reported in Paragraph 4.5.

Discussion of results

Qualitative visual inspection of flattening
and punch marks

The results of the qualitative visual inspections were
reported in Table 5. During this inspection, different defects
have been visually characterized and detected. The main
imperfections observed post flattening are highlighted in
Fig. 10. In general, it was observed that:

e Performing warm flattening, especially for higher values
of 1, often alters the surface colour of the parts due to
superficial oxidation (Fig. 10-a). The phenomenon is not

o [MPa]
665.9 -
TR D foeeee .......
480,0 2
400,0
3200 1----
2400 -
1600 1/

80,00 4
19,60
0,005

Fig.9 o-¢ for DC04 implemented in FORGE NxT

@ Springer
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present in cold flattening (Fig. 10-b), independently on
the dwell time.

e Surface defects such as localized thinning and punch
marks can be present (Fig. 10-c, d). The amount of the
defect is related to the severity of the plastic deformation
during the first forming stage, lubrication conditions and
blank holding force.

e Uniform flattening, elastic-springback and thermal dis-
tortion are the result of the sequence of two plastic defor-
mation processes (Fig. 10-e).

Regarding the flattening parameter, warm forming
improves planarity of the flattened parts, i.e. helps flattening.
However, the interactions of the dwelling time are statisti-
cally significant (according to the ANOVA test performed
on the data) and particularly interesting: when flattening at
T =300 °C for a short dwelling time, the best quality can be
obtained among the tested values. On the contrary, when a
longer dwelling time is applied, the final shape of the sam-
ples may be distorted by thermal stresses.

Figure 11 shows the interval plots for punch marks,
revealing that punch marks are present only for EI=6 mm;
therefore, they are entirely dependent on the drawing phase
and in fact, EI is the only statistically significant factor,
while the effect of T and 7 is totally negligible. Although
not statistically significant, warm flattening instead of cold
flattening seems improving the scratch marks.

Results of power consumption measurements

Measuring the power consumption of the hydraulic press
provides crucial insights into the distribution of energy dis-
sipation within the system. By quantifying the power input,
one can gain a deeper understanding of the various factors
that contribute to energy loss. The main contributions to
power consumption measurements are:
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Fig. 10 Visual defects observed a) Colored and slightly ¢) Thinning due to d) Visible punch

. . o b) Uncolored (cold . . . .

in the samples post flattening oxidised (warm fattening) drawing phase (typical — marks (typical of high
flattening) g of high EI) El

IIII

e) Appreciable elastic springback.

e heating the tools and maintain them at the set tempera- The results summarized in Table 6 show the relative
ture, importance of different energetic contributions such
e electric consumption of the oil pump. as performing the process in cold or warm conditions.
Fig. 11 Interval plots for quali- 351 . o )
. . . Individual standard deviations are used to calculate the intervals.
tative evaluation of aesthetical
marks 30- 95% Cl for the Mean aim
v == s
Y.
E 2,51
£ .
S
c 2,0 &
=
Q. [ ]
by — 1,54
o * o
-
o 10/
=
0,54
00 o e o e 1L
tau (s) 2 60 2 60 2 60 2 60
TI[°C] 25 300 25 300
El [mm] 2 6
Table 6 D ifferent power Type of average power absorbed  Conditions Value (W)
consumption contributes for
processes with a c.ycle time of Cold flattening during dwelling room T, Dwf=3.68 ton, EI=4 mm 10,800
I1.1's and dwell time T=2 5 room T, Dwf=92.15 ton, EI=4 mm 13,000
during the whole cycle room T, Dwf=3.68 ton, EI=4 mm 14,600
Warm flattening  to maintain the tools warm T=300°C 3700

between subsequent strokes
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Performing dwelling at different tonnages does not sig-
nificantly influences power consumption.

Tensile tests for residual formability

Post-flattening strength and residual formability of the flat-
tened components were evaluated by means of tensile tests
(Fig. 7). The mechanical behaviour of three “as-recevied”
Nakazima-like samples was compared with the one of the
flattened parts. In Fig. 12 the average force—displacement
diagrams of the tensile tests are shown for some relevant
conditions. The graph shows that the flattened parts are
characterized by higher strength (measured through the
maximum force fmax, kN) and lower residual formability
(measured through the displacement at the maximum force
e(fmax), mm). From the force—displacement diagram it is
possible to extract the stiffness K (kN/mm), defined as the
ratio between the axial force applied and the corresponding
extension measured in the linear portion of the curve. The
elastic stiffness K also increases for flattened parts. This can
be attributed to a combination of factors. The increase of the
apparent yield point of the EI 6 mm sample can be explained
with kinematic hardening due to a different strain history in
the first forming stage, which is in line with other studies
[22]. The slope change of the curve in the first part of the
diagram is instead due to a geometrical effect: the flattened
samples have a different geometry of their central portion,
induced by the higher penetration during drawing, and this
influences stiffness. The flattened samples characterized by
EI 2 mm present a geometry almost equal to the as-received
samples and the tensile response is almost identical. Instead,
flattened samples with EI 6 mm, have a longer central por-
tion (elongated while forming), hence the strain is less con-
centrated at the center during the tensile tests and the part
stiffness is therefore larger in the elastic region.

Figure 13 shows the relationship between the stiffness K
and the severity of the Erichsen test: a very minor increase
of stiffness occurs for samples tested at EI=2 mm, while the

K [KN/mm]

0 2 6
El [mm]

Fig. 13 Interval plot for the stiffness K (kN/mm) as a function of the
EL. EI=0 mm means the sample has been tensile tested as-received,
without any forming operation

stiffness increases of about 30% when the sample is drawn
to EI=6 mm and then flattened.

Figure 14 shows that the maximum tensile force fmax is
dependent on dwell time and more strongly on the forming
temperature, but only when EI=6 mm. To be more pre-
cise, the maximum force increases for longer dwelling time
during warm-flattening. The explanation of this behaviour
would require some microstructural analysis of the mate-
rial. According to Wang et al. in low-carbon steels subjected
to warm forming, dynamic strain aging (DSA) phenomena
can lead to an increase of micro-hardness and peak stress
[63]. Another explanation would be connected to the work
hardening and thermal hardening experienced by the mate-
rial during the cold plastic deformation and warm forming
process respectively.

Conversely, the residual formability, measured by the
displacement e(fmax) in mm at the maximum tensile force
decreases because of the Erichsen drawing. It is also nega-
tively influenced by flattening at warm temperature (Fig. 15)
and there is a negligible negative influence of the flattening

Fig. 12 Experimental force- 4 : : Max force values
extension curves of tensile (kN)
tests, mean of three replicates 35 == T
for temperature (T) and dwell 3 > N\ Exp. FEM
time (7) equal to 25 °C and \
2 s respectively. The figure = 2.5 I As-re-
highlights the effect of EI onto =) ceived 347 331
the mechanical behaviour of 8
the samples. On the right, a S 1S e As-received \ EI2 3.49 3.41
comparison between numerical 1 EI 2 mm \ mm
and experimental results of the l EI 6 mm El6
maximum values of force dur- 0.5 , ; 3 mm 3.48 3.48
ing the test 0

00 05 10 15 20 25 30 35 40 45 50 55
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Fig. ?4 Interva.l plots for the 3,81 95% Cl for the Mean
maximum tensile force fmax 1. . )
(kN) The fmax of as-received Individual standard deviations are used to calculate the intervals.
samples is the baseline of the 5B
plots, 3.47 kN 3,71
2 —
=
é 3,6 [ ]
< b
e °
3,51 ® E ==
3,4 —
tau (s) 2 60 2 60 2 60 2 60
T (°C) 300 25 300
El (mm) 2 6
Fig. 15 Interval plots for the R e E e
displacement e(fmax) in mm
at the maximum tensile force
fmax. The mean e(fmax) of as-
received samples is the dashed
line at 2.51 mm E
E 2,51 peeeee- + --------- e ——aemans e AR s mmecneen—
x
m L] °
[ ]
E B
7]
? ¢
T1°€) 25 300 25 300 25 300 25 300
Dwell time [s] 2 60 2 60
El [mm) 2 6

dwelling time. The interactions among factors are not sta-
tistically significant.

In conclusion, the remanufacturing process by flatten-
ing at either room or warm temperature improves stiff-
ness by 20% with respect to as-received samples. Flat-
tening at room temperature improves strength by 1% and
decreases formability by 8%, while flattening at warm
temperature improves strength by 4% and decreases
formability by 25%.

Thickness distribution

For all the 24 samples of the DoE, the thickness of the flat-
tened parts was measured in different locations by means of
a micrometer with conical heads (Fig. 16). This instrument
has been used to reconstruct the post-flattening thickness

profile (Fig. 17). The thickness has been measured in the
same locations also onto three as-received samples and 6
samples just before flattening (three of them characterized

Fig. 16 Location for the measured thickness with the micrometer
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Fig. 17 Experimental and 0.85 ; 0.85
numerical comparison of the 0.8 o p . 0.8
thickness profile along differ- = 0.75 & i W = 0.75 s R -7
ent coordinates for the sample ﬂi/ \\,.[m < g ) Pt PRI N -
(T=25 °C, EI=6 mm and — 07 &N/ — 07 <
T=25) g oss 4 E g o063 x

5 06 S 5 06

3 | _

E 055 = Experimental;- after flattening é’ 0.55 ! Experimental - after flatteniing

0 2 - - o= -= Numerical - after flattening 05 memim e == Numetical - dfter flattening
§4s LI27ETT Numerjcal - after drawing 045 L.ooobz=s Numetical - dfter drawing
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Longitudinal coordinate [mm]

a) Thickness profile of the sample along the in-
plane longitudinal direction.

Transversal coordinate [mm]

b) Thickness profile of the sample along the in-
plane transverse direction.
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¢) Thickness profile of the sample along the in-plane circumferential direction.

by EI=6 mm and three characterized by EI=2 mm). At
the top of the cup (Point C) a punch mark can be observed.

Samples with EI=6 mm are characterized by relevant
plastic deformation and material stretching while forming.
If the clamping force of the blank-holder is high enough to
avoid the slippage of the flanges between the two dies, then
the material undergoes high stretching, excessive localized
thinning and increase in the final diameter post-flattening.
On the other case, there is a material slippage from the flange
towards the centre of the specimen while deep-drawing with
the punch. This in turn ensures a lower level of stretching
and thinning localization.

Figure 17 shows that the simulations predict quite well
the final geometry of the sample, albeit small differences
related to numerical and measurements errors. It can be
observed that the thickness distribution of the sample is not
uniform. As confirmed by Table 7, the thickness variation

is mainly affected by the first forming stage and not by flat-
tening. This suggests that the forming process plays a more
critical role in determining the final thickness distribution of
the samples: the force exerted by the blank holder onto the
sample during the forming stage has a significant impact on
the slippage of the sample and ultimately, the homogeneity
of the thickness distribution.

In Table 7 the thinning percentage at the die corner after
deep drawing and after flattening is reported. The thickness
decreases by about 10% for EI=6 mm because of the Erich-
sen drawing, while it does not change for EI=2 mm. The
thickness further decreases by only 0.6% because of the flat-
tening operation, on average. A more detailed and statistical
analysis on thinning at the die corner radius demonstrates
that this response variable is influenced only by EI (in terms
of overall thinning, as already shown in Table 7), while the
additional thinning induced by the flattening operation is

Table 7 Effect of flattening and
deep drawing on the thickness

Effect of drawing stage Effect of flattening stage

variation. The location
considered for thickness

variation calculation is the El=2 mm Experimental

average of the thickness in Numerical

points F, G, H, T EI=6 mm Experimental
Numerical

1, t 1,

as received post drawing % post drawing L post flattening %
Las received toost drawing

0.1% 0.6%

1.0% 0.1%

9.9% 0.6%

10% -0.8%
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negligible and constant throughout the whole DoE. In other
words, there is no geometrical consequence on thinning of
the flattening parameters (dwelling time and temperature).

The thickness data have been analysed through Minitab
using the tool “Regression analysis for factorial DoE”, using
the final diameter after flattening as a covariate, which gives
an indicator of the influence of the draw-in during drawing.
The response variables were the average thickness of points
F, G, H, I (at the die corner location), and the average thick-
ness of points A & B (at the flange). The analysis showed
that while the material mostly thins everywhere, some thick-
ening might occur at the flange (Points A and B in Fig. 16),
depending on the draw-in. In Points D, I, F, G and H the
maximum thinning is observed.

The results also showed that the factor influencing the
most the response variables is the EI. Furthermore, the only
statistical factor which influences thickening at the flange is
the temperature of the flattening operation (Fig. 18). Flatten-
ing at elevated temperature helps making the thickness dis-
tribution more uniform, compressing more the outer corners
of the samples, where higher pressure values are localised,

Fig. 18 Interval plot showing 3]
the trend between the average
thickening at points A and B
(the flange) vs. the reforming
temperature T and the EI

5 2
(=
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()
=
®
o 1
c
‘'
[J]
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2
ES 0
-14
El [mm]
T [°C]

Fig. 19 Picture describing what
“die side” and “punch side”
mean

as also shown by the FE simulations. When reforming at
300 °C, the total thickness variation at the flange is negligi-
ble. When reforming at room temperature, the flange thick-
ens by almost 2%.

Summary of experimental results

The factors considered in the DoE were tool temperature,
sample geometry (EI), and dwelling time. With a first vis-
ual inspection (Paragraph 4.1) defects such as punch marks,
non-planarity, thinning lines and oxidation were detected
(Fig. 10). Apart from the oxidation marks, the severity of
the defects is related to the severity of plastic deformation
during the first forming stage. The study found that warm
forming can improve the planarity of remanufactured parts
(Fig. 10-e). Short dwelling times at 300 °C yield the best
flattening quality, while longer dwelling times may result in
distorted samples. Punch marks (Fig. 10-d) are only present
in samples which were more severely deformed in the first
phase (EI=6 mm); warm flattening may reduce the presence
of such defects (Fig. 11).

25 300

PUNCH SIDE

Blank holder

DIE SIDE
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The thickness of 24 flattened parts was measured in dif-
ferent points (Fig. 16). In general, an uneven thickness dis-
tribution of the remanufactured parts (Fig. 17) was observed.
The EI is the only factor that influences thinning at the die
corner radius and in other locations (Table 7), while addi-
tional thinning induced by flattening is negligible and con-
stant throughout all the experiments. A statistical analysis
also showed that the material mostly thins everywhere, but
thickening might occur at the flange by almost 2%, depend-
ing on the draw-in. Flattening with warm tools helps making
the final thickness distribution more uniform (Fig. 18).

Tensile tests onto the reshaped parts were performed
evaluating the post-flattening strength and residual form-
ability of flattened components (Paragraph 4.3). Flattened
parts showed higher strength (Fig. 14) and lower residual
formability (Fig. 15), as well as an increase in elastic stiff-
ness (Fig. 13). The severity of the deep drawing had a minor
effect on stiffness for samples with EI=2 mm, but a sig-
nificant increase for samples drawn to EI=6 mm and then
flattened.

The power consumption measurements (Paragraph 4.2)
conducted on the hydraulic press allowed to identify the
main contributors to energy consumption (Table 6): the
energy required for heating the tools to the desired tempera-
ture and maintaining them at the set temperature, as well as
the electric consumption of the oil pump.

In conclusion, warm flattening with a short dwelling time
seems to offer the best compromise among all competing
objectives: it improves the geometrical uniformity of sam-
ples, but it generates a slight colour change by superficial
oxidation, and it obviously requires more energy. Warm flat-
tening also might help reducing the thickness non-uniform-
ity of remanufactured parts.

FE simulations

In this Paragraph, the results of the FE simulations are
reported, considering only half of the part because of sym-
metry. The results and contour plots can be visualized look-
ing at the sample from the “die side” or the “punch side”
(Fig. 19). The most critical surface of the Nakazima-like
sample is the external one on the punch side.

Figure 20 and Fig. 21 describe the evolution of the first
and second principal strain components respectively in two
different instants of the simulation: at the end of the draw-
ing phase (before elastic spring-back) and at the end of the
flattening stage (after elastic spring-back). The simulations
of the residual formability test were run as well, confirm-
ing the ductile failure mode experienced by the part and
its elongation at break: the crack nucleates at the centre of
the specimen and propagates perpendicularly to the tensile
forces (Fig. 7-b). Figure 20-a and Fig. 21-a indicate that
the biggest deformations are localized at the centre of the
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Fig. 20 First principal strain component (punch side) of the P18 part:
a) at the end of drawing operation before elastic spring-back; b) at the
end of flattening. Elastic spring-back is active
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Fig.21 Second principal strain component (punch side) of the P18
part: a) at the end of drawing operation before elastic spring-back; b)
at the end of flattening. Elastic spring-back is active

specimen, in correspondence of the “cup” and in the local-
ized thinning regions (Fig. 10-c). Instead, after flattening
(Fig. 20-b and Fig. 21-b), the sample is characterized by
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plastic strains which explain the lower displacement at the
maximum force with respect to the “as received” material
(Fig. 12 and Fig. 15).

Figure 22-a represents the Von Mises stresses of the
external surface of the Nakazima-like sample (punch side).
According to the simulations, residual stresses (which are
also plastic) are present on the part, resulting in a local
variation of the surface hardness on the real part. Finally,
Fig. 22-b represents the strain €,, evaluated in the mid-plane
the part. According to the simulations, the thickening on
the flange is negligible, as confirmed by Fig. 18, whereas a
limited thinning is occurring in most of the surface of the
sample with a non-uniform distribution. This agrees with the
measurements reported in Fig. 17.

FE simulation of the flattening of a large
automotive component

The lab scale experiments have demonstrated that a pres-
sure of about 30 MPa, applied to the small Nakazima-like
samples is enough to generate a complete flattening in nearly
all warm and cold forming conditions. However, real body
parts have much larger dimensions and a pressure 30 MPa
might require very high, unrealistic, tonnage values. Besides,
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Fig.22 a) Von Mises stresses contour plot (punch side) after flat-
tening of the P18 part. Elastic spring-back is active. Yellow, orange
and red regions are plastically deformed (stress higher than Yield-
ing stress=210 MPa); b) &, contour plot evaluated in the mid-plane
of the sample. The contour plot is extracted after flattening. The red
zones represent thickening zones, while the other colours thinning.
Elastic spring-back is active

in real size parts with complex geometry, there is a risk that
wrinkles and thickness variations might prevent a uniform
application of pressure during dwelling. For these reasons,
to demonstrate the general feasibility of the proposed pro-
cess, several FE simulations have been performed, flattening
realistic car body parts. In Sect. 5.1, the flattening process of
a bonnet with mild curvature is simulated, with the goal of
estimating the tonnage requirement for a complete flattening.
In Sect. 5.2, a more severe, stepped geometry is considered.

FE simulations of the flattening of a car bonnet

The simulation cycle is made of two stages, both performed
by Transvalor Forge software with solid tetrahedral ele-
ments. The first stage is the stamping operation of a flat
sheet. This simulation was needed to obtain the car bonnet
with its strain history, which was in turn imported for a sec-
ond simulative stage: the flattening.

The original thickness of the blank before forming was
1 mm and its material is C15 mild steel, whose hardening
law is modelled through the Hansel & Spittel equation.

It is worth mentioning that in this analysis the service
loading conditions such as creep, relaxation, fatigue by
external or thermal loadings were not considered. According
to the GRANTA EduPack Software, creep and relaxations
are phenomena not activated at ambient temperature for mild
steels. Regarding fatigue, autobody steels are characterized
by a fatigue strength (evaluated at 107 cycles, un-notched
sample, stress ratio R=-1) higher than 100 MPa. Therefore,
it was assumed that in normal conditions of usage such lev-
els of stresses are not reached by car-bodies.

Stamping stage simulation The results of the car bonnet
stamping simulation is reported in Fig. 23.

. |

669

Fig. 23 Stamped car bonnet simulated with FORGE (top view). The
part seems damaged, but it is only an effect of rendering of a curved
surface through tetrahedra
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Flattening stage simulation After the forming operation, the
car panel was flattened with the setup shown in Fig. 24. In
the flattening simulations, the car panel has an initial coarse
tetrahedral mesh of 24 mm in order to shorten the simula-
tion time needed. The area of the flattened car bonnet is
577114 mm?. The remeshing is performed automatically by
the software whenever there is a strong deformation. Elastic
spring-back is activated for the simulations. The friction cri-
terion between the panel and the tools is assumed to be “oil
lubrication” with Coulomb limited Tresca criterion where
coulomb coefficient is 0.1 and Tresca 0.2. Ambient is air
and the heat exchange between the tools and the panel is
assumed to be “strong” where heat transfer coefficient is set
to 20,000 W/m’K.

To understand the effect of tools temperature, panel tem-
perature, dwell force and dwell time, the process parameters
and the boundary conditions implemented for the flattening
stage have been varied according to Table 8. When there
is no dwell time, it means that the upper die is controlled
by stroke, not by force: it is stopped at 1 mm distance from
the bottom die and immediately reversed. The upper die

Fig. 24 Car panel side (a-top)
and front (b-bottom) views
before the flattening operation

completely flattens the panel, then the tool is removed, and
the panel is free to springback.

This part does not exhibit very complex geometry fea-
tures such as steps or sharp bumps. This is one of the reasons
why very large forces were not required to achieve a suc-
cessful flattening. Given the large dimension of the panel,
we can consider it successfully flattened is the final spring-
back is lower than a predetermined threshold. All the listed
simulation runs registered a springback lower than 0.3 mm,
which is a rather small value. To discriminate among differ-
ent conditions the elastic springback variable (ESB) is used
instead of a binary flattening quality variable. Table 8 sug-
gests that the best flattening conditions are obtained when
the tools are heated at warm temperature (300 °C), the car
panel is initially at room temperature, and the dwell force
is applied for some time (10 s in this case). Pre-heating the
panel would induce some little further decrease of spring-
back, but it would also require additional energy and cycle
time. These results are well in agreement with the observa-
tions of Sect. 4, and an average pressure on the sheet much
lower than 30 MPa is enough to completely flatten the parts.

a) Side view: in between the two tools the grey part is the bonnet which undergoes flattening

TOP DIE

S ——

BOTTOM DIE

b) front view: in between the two tools the grey part is the bonnet which undergoes flattening

TOP DIE

Table 8 Different conditions simulated for the bonnet flattening pro-
cess. T is temperature, Dwf is dwell force, T is dwell time, ESB is
elastic spring-back in vertical direction. When 7 is 0, it means that the

BOTTOM DIE ‘

top die is stroke-controlled, not force-controlled, and it immediately
reverts its motion after reaching the end of its stroke

Conditions Dwf (tons) T?(s) Average pressure  Tool T (°C) Panel T (°C) ESB (mm)
(MPa)

1. Cold forming 1526 0 25.9 20 20 0.24
2. Heated blank 1326 0 22.5 20 300 0.10
3. Heated blank 1152 0 19.6 20 600 0.26
4. Heated tool 976 0 16.6 300 20 0.14
5. Heated tool 1007 0 17.1 600 20 0.09
6. Heated tool and blank 551 0 9.4 600 300 0.08
7. Heated tool with dwell time 700 10 11.9 300 20 0.02
8. Cold forming with dwell time 600 10 10.2 20 20 0.30
9. Heated tool with dwell time 600 10 10.2 300 20 0.071

@ Springer



International Journal of Material Forming (2023) 16:35

Page190f23 35

FE simulations of the flattening of a stepped part

The interest of the simulations reported in the previous
Paragraph was to start understanding the feasible condi-
tions for the flattening process and to evaluate the required
amount of press force for large parts. The part studied was
a rather basic shape without complex geometrical features.
However, this may not be the representative case of other
car design, where car parts may have bent, curved, stepped
sections.

In this Paragrah, a different car part was studied by FE
simulations, with curved and stepped features, as seen in
Fig. 25.

Since the objective was to investigate the effect of
geometry on the flattening process, the part in Fig. 25 was

Fig. 25 a) On the left, top view a)
of the car-body panel consid-
ered (Chevrolet Camaro car roof
obtained with a FE stamping
simulation starting from a flat
blank). This geometry will be
the input for further flattening
simulations. b) Virtual model of

cut into 350 X 350 mm; one with a stepped geometry and
the other with a curved geometry as in Fig. 26.

In all simulations the part was flattened to 1.2 mm even
though the original sheet thickness was 1 mm. This was
performed to compensate thickness irregularity since the
thickness after the forming operation varied between 0.8 mm
to 1.5 mm. The parts have an initial tetrahedral mesh of
20 mm. The numerical setup is the same described in the
previous Paragraph, with the same material and tribology.
Different temperature, dwell force, dwell time conditions
were investigated for both stepped and curved geometry as
can be seen in Table 9. The surface areas after flattening of
the portions of the Chevrolet Camaro roof are 125,564 mm?
for the stepped geometry (Fig. 26-a) and 110,868 mm? for
the curved geometry (Fig. 26-b).

b)

the Chevrolet Camaro highlight-
ing the roof and its complexity

Fig.26 a) On the left 350 mm
x 350 mm stepped geometry. b)
On the right 350 mm x 350 mm
curved geometry

from a car-body.

a) Example of stepped geometry to be flattened

b) Example of curved geometry to be flattened from a
car-body.

Tgble 9, Results of the F],E part T (8) Dwf (tons) Tool T (°C) Sheet T (°C) Flattening
simulations of the flattening quality*
process of the stepped and
cgrved geometry (reference to Stepped geometry 0 6000 600 20 1
Fig. 26) Stepped geometry 30 250 300 20 1

Stepped geometry 20 400 300 20 1

Curved geometry 20 250 300 20 0

"1 =not satisfactorily flattened; 0 =well flattened
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Simulation results As it can be observed in Table 9, flatten-
ing of a part with a steplike geometry caused is very difficult.
Even with an unrealistically high press force (6000 tons),
the final part is not successfully flattened. While pressing
the stepped parts, the top die is not able to reach the target
position of 1.2 mm above the bottom die: the flattening is
not successful even before springback takes place. This is
because the part undergoes folding while flattening.

Conversely, the curved part was flattened without any
issue, already with a small tonnage (250 tons). A compari-
son of the flattened parts can be seen in Fig. 27.

In conclusion, the simulations demonstrated that gently
curved parts can be successfully flattened, while parts with a
stepped geometry (i.e. with a small radius of curvature) may
require unpractical levels of tonnage. More generally, the
success of flattening by either warm or cold forming depends
on four factors mainly: dwell force, dwell time, radius of
curvature and overall geometry to be flattened.

Conclusions

A novel remanufacturing cycle has been proposed, that
involves flattening and reshaping EoL car bodies for pro-
ducing regenerated flat sheet metal blanks, without remelt-
ing nor shredding. The proposed remanufacturing process
chain seems more flexible and robust than other reshaping
technologies. The flattened parts produced may have some
defects, but final imperfections are not necessarily a problem
for some final intended uses and applications.

The main objective of this research was to study the fea-
sibility of reshaping DC04 steel through flattening, achieved
by initially applying a given curvature via a forming stage,
followed by cold / warm forming using a hydraulic press.

The success of flattening, either by warm or cold forming,
depends on four main factors: dwell force, dwell time, radius
of curvature, and overall geometry.

A screening experimental campaign considered the tool tem-
perature, sample geometry (EI), and dwelling time as factors.
Apart from the oxidation marks, the severity of the aesthetical

Fig. 27 a) On the left, unsat-
isfying flattening of a stepped
geometry (residual stepped
features). b) On the right, suc-
cessful flattening of a curved
geometry (absence of residual
stepped features)

@ Springer

a) Unsuccessful flattening of a stepped part.

defects observed on the sheets is related to the severity of plastic
deformation during the first forming stage, lubrication condi-
tions, and blank holding force. Punch marks are only present
in samples more severely deformed in the first phase and warm
flattening may reduce the presence of such defects. The surface
oxidation phenomenon is more pronounced in warm flattening,
especially for higher values of dwelling time. The study found
that warm forming can improve the planarity of remanufactured
parts. Short dwelling times with tools heated at 300 °C yield the
best flattening quality, while longer dwelling times may result
in distorted samples.

Flattened parts showed increased strength and reduced
formability, as well as an increase in elastic stiffness,
with respect to the virgin material. In general, an uneven
thickness distribution of the remanufactured samples was
observed, but the additional thinning induced by flattening is
negligible and constant throughout all the experiments. Flat-
tening with warm tools also helps making the final thickness
distribution more uniform.

In conclusion, warm flattening with a short dwelling time
seems to offer the best compromise among all competing
objectives: it improves the geometrical uniformity of samples,
but it generates a slight colour change by superficial oxidation.

The main contributors to energy consumption of the
hydraulic press were ranked as follows. Firstly, heating the
tools to the desired temperature (highest contributor be-
cause of the duration of the stage). Then, excluding tools
pre-heating and considering each flattening cycle, the second
contributor to energy consumption is the utilization of the
pump. The lowest contributor is the energy needed to hold
the tools in temperature.

The FE simulations highlighted the presence of residual
stresses and uneven thickness distribution of the reshaped
parts. The observed variation in mechanical properties was
attributed to the combination of the forming by drawing
and flattening stages. Both simulations and measurements
showed that the thickness distribution is mainly governed
by the forming stage, whereas flattening has a negligible
impact on it.

Finally, simulations of realistic size car body parts were
performed, showing that warm forming with a dwell time

b) Successful flattening of a stepped part.
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of less than a minute is able to flatten out parts with a rela-
tively large radius of curvature. Instead, parts with a stepped
geometry required high levels of tonnage, which may be
unpractical.
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