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A Comparative Study on the Production of a Hat Profile by

Roll Forming and Stamping

Timon Suckow,* Ezgi Biitev Ocal, and Peter Groche

Lightweight design using high-strength aluminum alloys has gained importance
due to the continuing need for weight reduction and increasing crash safety
requirements in the automotive industry. There are various manufacturing
processes available for processing high-strength aluminum alloys. Herein, the
production of high-strength aluminum parts by roll forming and stamping based
on the example of an AA7075-T6 hat profile is compared. Roll forming represents
a continuous manufacturing process, while stamping is a discontinuous process.
Different process routes (T6, W-Temper and O) for roll forming as well as for
stamping (T6, W-Temper, O and hot forming) are in focus of the investigation.
Fundamental differences of the forming processes and the tempering condition
are observed and criteria for the choice of the manufacturing process and process
route are presented. The temperature-supported process routes improve the poor
cold formability of AA7075 alloy and thus enhance the process window. Potential
is offered for both manufacturing processes by applying tailored properties

of tailored mechanical properties, thanks to
the high quenching sensitivity of the
AA7075 alloy. Different quenching rates
after solution annealing (SA) lead to differ-
ent mechanical properties.l>®!

HF of AA7075 in the context of this
study is HF and die quenching with cold
or heated tools. During HF, the forming
temperature is reported to be in the range
of the SA temperature of the AA7075
alloy.'””) Within this process route, the
forming occurs during quenching in the
forming tool.”! After forming, artificial
aging is required to achieve the T6-state.

During warm forming, the tempera-
ture is in the range of T=140-230°C.*®
Formability is increased thanks to the high

achieved through targeted quenching.

1. Introduction

The high-strength aluminum alloy AA7075 is presently applied
in high-tech industries such as aerospace, high-end sports equip-
ment, or bicycles. Due to increasing lightweight demands in the
automotive industry, an expansion is conceivable. With regard to
the automotive industry, the use of mass production processes
is reasonable due to high production volumes. Poor formability
is one of the disadvantages of the AA7075 alloy. However,
temperature-supported processes lead to an improvement in
formability. These include hot forming (HF),!!) warm forming,”!
W-Temper forming,! and forming in the soft annealed state (O)
of the material.™ In current applications, the alloy AA7075
is mainly used in the high-strength T6-state or in an overaged
state (e.g., T73). An exception is given by the targeted application
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forming temperature. Depending on the

initial material state, the forming tempera-

ture, and the holding time, post heat

treatment may be required to achieve the
T6-state after forming.

Forming in the W-Temper- or O-state provides another option
for temperature-supported process routes. Both process routes
have in common that the forming takes place in a cold state.
This is advantageous in terms of cycle times, lower complexity
of process control, less investment, less wear and galling, and
simple tool design.*”) The W-Temper-state is obtained after
SA and quenching and increases formability for a limited time
after quenching. After forming and artificial aging, the T6-con-
dition is achieved again. The O-process route is characterized by
forming the material in the O-state. The soft annealed state is
achieved by heat treatment of at least 9h in the temperature
range of T=230-410°C.”! During this process route, post heat
treatment is time-consuming, as the material requires SA,
quenching, and artificial aging in order to achieve the T6-state.

Recent examples of cold forming in the high-strength T6-state
are given by other studies,!'®""! both in roll forming. An advan-
tage is that no heat treatment is necessary. Disadvantages are the
low formability, which leads to cracks already at moderate strain
levels and the high springback after forming.

Figure 1a shows the different process routes with regard to the
forming temperature and the integration of the forming process
into the process chain. During forming in the T6-state, no heat
treatment is necessary for the whole process chain. The other pro-
cess routes require heat treatments before, during, or after forming
to increase formability and obtain the desired mechanical proper-
ties. The stress—strain diagrams for the different material states
during forming show the increase in formability (Figure 1Db).
The curve at T=400°C is characteristic for the HF process.
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Figure 1. a) Process routes for forming the high-strength aluminum alloy AA7075. b) Stress—strain diagrams for the AA7075 alloy in different conditions.

As there is no such comparison between continuous and dis-
continuous manufacturing processes so far; the present study
aims to give a detailed overview. The production of a hat profile
serves as an example. Contents of the comparative study are the
process design in terms of tool design, design of the heat treat-
ment, and FE analysis. Furthermore, product quality is assessed
regarding formability, geometrical accuracy, forming forces, and
surface quality. Potential and challenges for the application of
tailored properties by targeted quenching are investigated for roll
forming as well as for stamping. Finally, the differences, advan-
tages, disadvantages, and challenges of the respective processes
and process routes are identified and discussed to provide an
overview as well as a recommendation for the choice of the
process.

2. Process Design

Process design is of high importance for achieving the desired
final properties in processing the AA7075 alloy since the process
windows for forming and heat treatment are small. The process
design includes temperature control before, during, and after
forming, as well as forming parameters (e.g., tool geometry,
bending radii, step sequence). The procedure for process design
presented in this study is summarized in Figure 2.

The process design starts with defining the target geometry
and the desired material properties. The core of the process
design is the tool design, the design of the heat treatment,
and the FE analysis. Tool design is mostly based on empirical

! Process design

values and the experience of the designer. For advanced applica-
tions, the tool design is also based on an FE analysis. The FE
analysis is conducted simultaneously with the tool design and
design of the heat treatment. The target geometry is evaluated
from the FE model, while the desired material properties have
to be determined from pre-experiments that simulate the heat
treatment cycles of the entire process chain as accurately as pos-
sible. After meeting the targets, the design of the manufacturing
process in terms of the industrial application is as follows. The
last step is the production of the hat profile.

2.1. Process Chains

Within this study, several process routes for the manufacturing
processes roll forming and stamping are investigated. Roll form-
ing is a bending process with rotating tool movement for the pro-
duction of open and closed profiles and usually takes place at
room temperature.'” During roll forming, the sheet is formed
in several forming passes, each consisting of top, bottom, and
sometimes side rolls. The shape of the roll gap forms the sheet
material into the desired shape.

Thanks to the continuous material flow, roll forming offers a
high potential for integrating further processes before, during, or
after roll forming.!'?! Part of the heat treatments can be per-
formed inline.*! On the other side, stamping is a discontinuous
forming process. During stamping, the sheet is placed in a tool
consisting of a die and a punch and then formed. Figure 3 and 4
show the process routes for roll forming and stamping of the
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Figure 2. Process design procedure for the development of a temperature-supported forming process.
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Figure 3. Process routes for roll forming of an AA7075 hat profile.

hat profile including pre-, in-process-, and postheat treatment,
respectively. The profile can be manufactured in various process
routes starting from a coil in the peak aged T6-state. Cold forming
in the high-strength T6-state on the one hand and temperature-
supported HF-, W-Temper-, and O-process routes on the other.
For roll forming, one advantage of the W-Temper process is
integrating the preheat treatment by induction heating and water
spray quenching inline before forming. On the contrary, an inline
W-temper heat treatment is not possible for stamping because of
the discontinuous forming process. Therefore, a separate furnace
is used for the W-temper process and the heat-treated samples
need to be transferred to the forming tool. For the heat treatment
of the process route in the O-state, there is the option of using a
soft annealed coil or soft annealing sheets for both processes. The
disadvantage is the high-energy requirement for soft annealing, as
the heat treatment cycle is long and the temperature is high.”
After forming, postheat treatment allows the adjustment of
the material properties. The target condition is the peak aged
T6-state. After the W-Temper process chain, the material is peak
aged for 24 h at 120 °C. After the O-process route of roll forming,
SA, quenching, and artificial aging, 24 h, 120 °C, are required.
Furthermore, tailored properties can be achieved by targeted
quenching for roll forming and stamping in the postheat treat-
ment. For example, by targeted water quenching with a sharp
spatial transition to air cooling after the forming process, this
approach is suitable for roll forming and stamping. Additionally,
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stamping allows the application of tailored properties by targeted
quenching in a separated hot/cold tool.["

The geometry of the hat profile for roll forming and stamping is
shown in Figure 3 and 4, respectively. The initial sheet thickness is
s=1.5mm for both processes. For roll forming the initial sheet
width is s=170mm and for stamping s= 200 mm. While roll
forming allows the production of any desired length, limited to
the length of the coil, the length of the stamped part is limited
to the length of the assembly space of the press and the size of the
forming tool. The length of the stamped part is | = 260 mm within
this study. Prior to tool design, the technical requirements for the
parts to be produced are defined in terms of the target geometry
and material properties. In terms of geometry, a low deviation
from the desired geometry is advantageous, as the springback
compensation leads to high effort during process design. Another
objective is to achieve a high level of strength equivalent to the
strength of the alloy in the high-strength T6 state. A good surface
quality is also aimed for. This means a sheet surface without
function-limiting scratches and ideally without visible scratches.

2.2. Tool Design

2.2.1. Roll Forming

Tool design in roll forming is supported by application-specific
software packages such as Ubeco PROFIL'* or COPRA RF.[""!
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Figure 4. Process routes for stamping of an AA7075 hat profile.

The geometry of the forming rolls is generated in these software
packages and transferred to FE solver. Parameters in tool design
to be varied are, on the one hand, the selection of the tool mate-
rial and, on the other hand, the profile flower, bending angles,
bending radii, and roll diameters and interstation distance.?
Tool design is not too complex since roll forming is a cold form-
ing process in general. However, the experience of the roll
designer is important in order to avoid typical defects during roll
forming and achieve high efficiency by not using too many
passes.'¥ After successful process design and meeting the
defined targets in terms of profile geometry and properties of
the final part, the tool is ready for manufacturing.

2.2.2. Stamping

Tool design is performed in the CAD Software (e.g., AutoCAD,
NX, and SolidWorks) according to the needs for the process
design. The geometry of the die and the punch are defined based
on the target drawing depth. Similar to roll forming, FE analysis
of the forming process is conducted during process design.

In tool design, stamping in the hot and cold conditions of the
sheet and the tools is taken into account. Therefore, the blank
holders, punches, and dies are designed for placing suitable heat-
ing units and cooling pipes inside of them. In addition, insula-
tion is added just below the heated section in order to protect it
from heat. Thermal expansion is also considered for the process
design of the HF—quenching process because it is expected to

Adv. Eng. Mater. 2023, 25, 2201877 2201877 (4 of 15)

have height differences between heated and cooled sections after
heating to elevated temperatures.

2.2.3. Heat Treatment

With regard to process design, heat treatments are of interest in
both forming processes. Small deviations from the heat treat-
ment cycle lead to deviations in the material properties and thus
to undesired deviations in the final product. These include diver-
gences from the target SA temperature of 460480 °C and uneven
temperature distribution during SA.**! Furthermore long transfer
times of the hot sheet to the quenching unit and thus an unin-
tended temperature drop before quenching or uneven quenching
cause undesired mechanical properties. Therefore, process design
of the heat treatment is of great importance. Design parameters
include the choice of the heating method (e.g., furnace or induc-
tion) and the transfer between heating and quenching.

2.3. FE Analysis

In the beginning of the process design, an FE model for each
manufacturing process is developed. The aim of the numerical
simulation is to predict process parameters and the target geome-
try with low effort and thus save time, effort, and money."®
Once the targets are achieved, the FE model is the basis for tool
design.

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

2.3.1. Roll Forming

The final geometry of the hat profile as well as the forming sec-
tion are presented in Figure 5a. The forming section is previously
given and consists of six forming passes. After six forming
passes, the final geometry is produced. The higher bending angle
a in pass 5, compared with pass 6, is for springback compensa-
tion. The FE model is set up according to the principle: as simple
as possible and as detailed as necessary, which maximizes effi-
ciency during process design. Friction is neglected since the
effect on the results regarding the final geometry of the part
is small.l"”]

Further boundary conditions and the setup of the FE model
are shown in Figure 5b. Independent of the process route, purely
mechanical simulation models are sufficient for roll forming
since the forming itself takes place in the cold state. Thus, the
effort to determine the flow curves by uniaxial tensile tests is
low, as they are generated on a standard testing machine in
the cold state (T6, W-Temper, and O).

2.3.2. Stamping

The FE model for the stamping process depends on the process
route. A 2DI model is sufficient for the process routes T6, W-
Temper, O, and HF, as neglectable through sheet-length effects
occur. For targeted quenching, in order to apply tailored mechan-
ical properties in the length direction of the part, a 3D FE model
is required. Figure 6 shows the FE models for the stamping pro-
cess. Due to the geometrical symmetry of the stamping tool and
the blank, only half of the experimental setup was implemented
in the FE model.

The tools are modeled rigid and the mechanical contact inter-
action properties are classified into normal and tangential behav-
ior, referring to the friction between the two contact surfaces. In
the FE simulation, the penalty contact method is used because
the contact pair contains a rigid surface, allowing an elastic slip
of the surfaces when they should be sticking. The frictional coef-
ficient is dependent on the sheet temperature. Similar to the FE
model for the roll forming process, the flow curves for the T6-,

Pass Inner radius | Bending Inner radius | Bending
ry [mm] anglea[°] [ r, [mm] angle B[]
1 17.00 15 - -
2 8.05 30 - -
3 5.10 45 - -
4 3.63 60 12.85 30
5 2.90 72 7.35 50 Sheetlength:
6 (final) | 3.00 70 5.00 70 Sheet width:

Sheet thickness: 1.5mm

Elementlength: 4 mm

z ¢\\\\\\“ - \
25mm ~1mm n|\\u\“k\\-~,‘ R
y $0.75mm y-Symmetry v ‘\\‘\‘“‘“‘\‘\“
O \\"r“ aasin i
o ‘ \' \400 “ ““ll\““
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W-Temper-, and O-process routes are obtained by uniaxial tensile
tests on a standard testing machine. Higher effort is required
to obtain the flow curves for the HF process routes, as shown
in ref. [1].

3. Experimental Section

All experiments within this study were conducted with the
high-strength aluminum alloy AA7075. Initially, the alloy was
in the T6-state. Table 1 shows the chemical composition of
the alloy.

3.1. Roll Forming

The roll forming experiments for each process route were per-
formed on a VOEST P450/4 roll forming machine. No lubricant
was used in the experiments. The distance between two passes
was 520 mm, the sheet velocity was 1mmin~!, and the sheet
length was 2000 mm. To minimize the slip, the roll gap of 1.2
was 0.3 mm smaller than the sheet thickness. The hardened cold
work tool steel 1.2379 (X155CrVMo12-1) was used for the rolls.
Figure 7a shows the experimental setup for the roll forming
experiments.

Temperature-supported process routes in roll forming require
additional heat treatment before and after forming. As illustrated
in Figure 1 and 3, different process routes require customized
heat treatments to achieve desired final properties. Thanks to
the continuous material flow during roll forming, it is possible
to integrate short-time heat treatment inline. Examples of short-
time heat treatments are the SA as preheat treatment before
forming in the W-Temper-process route and the postheat treat-
ment after forming with the aim to achieve tailored properties.
Both were integrated into the process chain by induction heating
and water quenching.

Figure 7b shows the experimental setup for the W-Temper
inline heat treatment. The quality of the heat treatment and mate-
rial properties after the forming process are shown in ref. [13].
For the inline heat treatment during roll forming, additional
parameters were the application of strip tension to reduce

Spring, z FE-Softy Marc Mentat
k=31.5 kN/mm X Solver: Implicit
‘\I/' y Elementtype: Solid, hexahedral
Roll tools: rigid
Upperrolls:  k=31.5kN/mm
Lower rolls:  rigid position
Contact: Frictionless

/1
'o,'ll/f//

\\\\\\

|| ‘l\ “.0‘ \\\
l.\\\lv/ N\
X || \l

N
\;/ " i

«'a:\:,,waw‘ "

1200 mm

170 mm

\\\\\\“

e
.~ .\\‘g "\\\\\\ WY

Figure 5. Forming section a) and FE model b) for the roll forming process.
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Figure 6. a) 2D and b) 3D FE model for the stamping process.

Table 1. Chemical composition of the AA7075 alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti Zr

Weight [%] 0.08 072 16 004 27 019 59 005 004

unwanted distortion before roll forming, the choice of quenching
method (e.g., water-spray, mixed water- and air-spray or water
bath), and the process speed. During the quenching process, con-
trollable spray nozzles were used for applying different cooling
rates on the sheet.

3.2. Stamping

The stamping experiments were conducted in a servo motor
press (Figure 8). The tool for the stamping experiments was
placed into a Synchropress (SWP2500) having a maximum
force of 250 kN and a maximum speed of 180 mm s~ . The tool
consisted of the blank holders and punches at the bottom part
and the die at the upper part. The drawing depth was set to
40 mm for this process. Since the tool was designed for cold

Adv. Eng. Mater. 2023, 25, 2201877 2201877 (6 of 15)

and HF processes, the hardened hot-working steel Uddeholm
Unimax (57 HRC) was used as tool material. The rest of the
parts, including the upper and lower parts, were made of C45
steel. For the cold forming process routes (T6, W-Temper, and O),
the oil-based lubricant, Putrol NWV 1933-30N-1, was used in
order to decrease the effect of wear and friction during forming.
During the HF process, a heat resistant boron nitride/water sus-
pension was used.

Unlike roll forming, in stamping, inline heat treatment is not
possible because of the discontinuous forming process. The
manufactured tool was placed on the press and heat treatment
furnace was located in a separate place. AA7075 alloy sheets were
solution annealed at 480 °C for 15 min and then transferred as
quickly as possible to the forming tool. SA was conducted in
a Nabertherm NA 15/65 convection furnace.

A variation of the HF and quenching process was the produc-
tion of functionally tailored products from high-strength alumi-
num AA7075-T6 alloy, aiming at a high degree of shape accuracy.
For this purpose, the local modification of the tailored properties
in the hat profile was obtained through the use of different cool-
ing conditions during the quenching process inside the tools.
The left part of the die was actively heated while the right part

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 7. a) Experimental setup for the roll forming experiments and b) for the inline heat treatment.

Servo Motor Press (2.500 kN) Press hardening tool

Die

Figure 8. Experimental setup for the stamping process.

was cooled with flowing water depicted by blue cooling pipes, as
shown in Figure 8. The temperature of the cooled die was kept
constant around room temperature; at the same time, the tem-
perature of the heated side was maintained at T= 300 °C by heat-
ing cartridges in the punch and the die and tubular heaters in the
blank holder. The quenching and forming process took place
simultaneously in the tool. Afterward, the hat-shaped profiles
were cooled down in water and subsequently artificially aged
at 120°C for 24 h.

Blankholder

Tool segmentation for tailored properties

Heated section Cooled section

Heating units Punch Cooling pipes

3.3. Discontinuous Heat Treatments for Thermomechanical
Processing

Most of the investigated process routes required heat treatments
to increase the formability of the material. Table 2 shows the
devices and boundary conditions for discontinuous heating for
the pre- and postheat treatments. Discontinuous heat treatments,
which required a furnace for heating, were SA, artificial aging,
and soft annealing.

Table 2. Discontinuous heat treatments for several process routes, using a furnace.

Heat treatment SA Artificial aging Soft annealing

Process Stamping Roll forming and Stamping Roll forming Stamping
Furnace Nabertherm NA 15/65 Binder FDL 115 External Nabertherm NA 15/65
Temperature 15 min at 480 °C 24 h at 120°C 2h at 410°C, Ramp 410-230°C (6 h), 2 h at 230°C
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3.4. Measurement Methods

3.4.1. Tensile Tests

In the present study, the tensile tests were conducted using a
Zwick Roell 100 kN universal testing machine with a video exten-
someter (videoXtens) for strain measurement. The tensile speci-
men geometry for roll forming was in accordance with DIN
50125.% On the contrary, subsized flat tensile test samples
cut from the top surface of the hat-shaped profile were used
for stamping, according to the study of Kumar et al.™ As a result
of the tensile tests, the characteristic values for the evaluation of
the mechanical properties were obtained from the resulting
stress—strain diagram.

3.4.2. Hardness Measurement

Hardness measurement was conducted with samples cut from
the cross section of the formed parts and subsequently embed-
ded in epoxy resin and polished. A Struers DuraScan 20 hardness
testing machine was utilized to measure the Vickers hardness.

3.4.3. Geometry Measurement

For the experimentally produced parts, geometry measurement
was conducted with the GOM ATOS 5 3D scanning system.
From the measured point cloud, cross sections, profile deforma-
tions, etc. were extracted.

3.4.4. Forming Force

For roll forming, load cells of type HBM C9B were attached to the
forming passes, according to the experimental setup in ref. [17].
During stamping, the force of the SynchroPress was measured
by two parallel load cells.

3.4.5. 3D Surface Examination

In order to investigate the surface quality of the produced parts, a
3D surface examination was conducted. For examination, a sec-
tion (20 x 20 mm) of the produced part was cut and investigated
optically with a confocal pSurf microscope from Nanofocus
(Confocal Microscope pSurf).

4, Results and Discussion

4.1. Process and Part Quality

4.1.1. Formability

In the beginning of this section, it is mentioned that the target
geometries in both processes are slightly different. The main dif-
ference lies in the bending radius, which is smaller for the roll
forming process. Formability of the high-strength aluminum
alloy is limited in the high-strength T6-state. Therefore, the alloy
is mainly formed in temperature-supported process routes. In
this section, different process routes are shown with regard to
formability. During roll forming in the high-strength T6-state,
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material failure occurs in the third pass in the form of cracks.
The inner bending radius is r; = 5.10 mm and the bending angle
is @ = 45° when failure occurs. No failure occurs during stamp-
ing for all process routes. An advantage of the stamping process
is the use of distancing between the blank holder and the die,
leading to a change in the contact force. The smaller distancing
height increases the contact area and the contact pressure, result-
ing in fracture. Using distancing, the die has no direct contact
with the blank holder. In the present study, a constant distancing
of 1.5 mm is used.

For a general statement, the profile geometries need to be
identical. However, in roll forming the forming strategy and
in stamping the fine adjustment of the tool are important with
regard to the process limits, which make it even more difficult to
draw a general statement.

4.1.2. Geometrical Accuracy

In the context of process and component quality, geometric accu-
racy is of great importance. Deviations from the nominal geom-
etry are acceptable up to geometry-dependent limits according to
DIN EN 10162, where a maximum deviation of the bending
angle of a4 1,15° is acceptable.””! The investigation is focused
on geometrical errors in the cross section, represented by the
bending angle. Figure 9 shows the cross section of the profiles
after forming and springback. The springback angle a; is defined
as the deviation between the target angle o and the bending angle
after springback a,.

Springback after roll forming is very small after the
W-Temper- and O-process routes (ag< 0.2°). One reason for
the small springback is the compensation of the springback
by overbending the bending angle a in stage 5. The other reason
is the low yield strength of the material in the W-Temper- and
O-state. For stamping, the difference between T6 and the tem-
perature-supported processes is significant. While the spring-
back angle a;=26° is very high for the T6-process route, it
can be reduced to ag = 2.4° for the HF process route. The differ-
ence between quenching in a cold (T=20°C) and hot
(I'=300°C) tool is small. Even for stamping, there is a high
potential for temperature-supported cold forming process routes
(W-Temper and O). For the W-Temper process route the spring-
back angle is a;=7° and for the O-process route az=6".
However, springback is higher than with roll forming. For all
stamping process routes, the springback angle is higher than
the maximum allowed deviation of the bending angle, according
to DIN EN 10 162.2% For interpretation of the results, it must be
considered that the bending radius is larger with stamping than
with roll forming, which leads to higher springback. In addition,
compensation of the springback angle is also possible for stamp-
ing by overbending but it is not in the scope of this study.

4.1.3. Forming Force

The requirements for the machine and tools can be determined
from the reaction forces during forming. Figure 10a shows the
maximum forming force for roll forming and Figure 10b for
stamping. In the first pass, the forming force in the T6-state
is significantly higher than for the temperature-supported
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Figure 10. a) Force of the upper roll during roll forming. b) Forming force during stamping.

process routes. The maximum forming force during roll forming
occurs in the fifth pass. Since the material cracks in the third
pass, no results were obtained. As expected, the forces are lowest
in the soft annealed material.

The highest reaction force in stamping is observed for
T6-state, as expected. Similar to roll forming process, lower reac-
tion forces are obtained in the temperature-supported process
routes. In addition to roll forming, the HF process route is inves-
tigated. The tool is divided into two sections: one with a tempera-
ture of T=20°C and one with a temperature of T=300°C, in
order to apply tailored mechanical properties on the formed sheet.
Compared to roll forming, the forming force during stamping is
much higher, which results in high requirements for the forming
tool and the press. However, the force during stamping strongly
depends on the length of the hat profile, while the length of the
profile has no influence on the forming force during roll forming.

4.1.4. Surface Quality

An inadequate tribological system leads to tool wear, which in
turn results in higher wear of the produced parts and thus a lower

Adv. Eng. Mater. 2023, 25, 2201877 2201877 (9 of 15)

surface quality during roll forming!*'! According to another
study,™ aluminum has to be carefully formed to avoid scratches
during roll forming. This means a careful design of the tools,
more passes, appropriate tool material, or tailored roll surface
finish. Most important is the tribological system, mainly defined
by the lubricant. This is also valid for the stamping process.* In
this section, the surface quality of the cold-formed parts, manufac-
tured in temperature-supported process chains, is analyzed. For
roll forming, the high contact normal stress in the inner side of
the bending radii leaves a pressure zone that resembles a surface
smoothing. This is shown in Figure 11a (locations 2 and 4). Wear
in the form of scratches, however, occurs next to the outer bending
radii (locations 1 and 3). This results from the relative velocity
between the roll tools and the sheet metal and is intensified by
the absence of lubricant in the experiments.'?) The scratches
are localized in a small area in the cross section of the profile.

For the stamped parts, wear in the form of scratches is observed
at the wall surface that slides over the radius of the die during
forming (Figure 11b) and is distributed arbitrarily. Since the flange
surface has a constant distance of 1.5 mm to the tool surface, there
is no wear in the form of scratches on the surface.
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Figure 11. a) Surface quality measurement of the roll formed part and b) the stamped part for the example of the O-process route.

Table 3. R, and R;(may Values of the scratched area of the formed parts.

Process Roll forming Stamping

Process route W-Temper (6] T6 W-Temper (6]
R, 2.02 6.23 1.44 2.48 2.56
Rz (max) 4.69 11.70 430 12.7 17.7

For comparison and quantification of the results, the 2D sur-
face profile of the surface of the part is examined for both pro-
cesses in all cold forming process routes. The evaluation area for
roll forming is in location 3 and for stamping at the scratched
wall surface. Table 3 shows the comparison of the R, and
R, max) values. Both forming processes have in common, that
the surface quality is better for the higher strength conditions
of the material during forming. Stamping in the T6-state shows
the least severe scratches, followed by the W-Temper-process
routes. While R, is high for roll forming, R;may is high for stamp-
ing due to the depth of the scratches. Even the use of oil-based
lubricant for the stamping process does not prevent the cause of
deep scratches during stamping, especially for the W-Temper- and
O-process routes. It should be noted that the different geometries
of the roll formed and stamped parts result in different wear con-
ditions. The higher bending angle of the stamped part leads to a
higher contact pressure in the tool radius during forming, which
results in higher wear. Furthermore, the surface quality can be
improved by adjusting the tribological system (e.g., tool surface,
tool material, and lubrication) within both processes. Therefore,
a general statement on the surface quality within the different
forming processes should be taken with caution.

4.1.5. Material Properties after Different Process Routes

Applying different thermomechanical processes on the material
by heat treatments and forming influences the material proper-
ties. Since the influence on forming history is small, compared to
the history of heat treatments, it is neglected within this study.
There is a fundamental difference between roll forming and
stamping for the W-Temper-process route. For roll forming,
SA is conducted inline. Figure 12a shows the preparation of
specimens for evaluation of the inline heat treatment during roll
forming. As shown in Figure 12D, the yield strength and tensile
strength of the inline solution annealed material are slightly
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below the initial values for the T6-state, as the inline heat treat-
ment is not performed under perfect conditions. These include
the transfer time from the inductor to the quenching chamber,
the imperfect temperature profile during induction heating, and
the chaotic quenching process in the quenching chamber. A
detailed analysis of the heat treatment is published in ref. [13].

For the discontinuous heat treatments, experiments are
conducted in order to apply the temperature curves from the
temperature-supported process routes to the material. Therefore,
the W-Temper experiments are conducted in a contact-heating
device according to another study®®! and the experiments for
the O-process route are conducted in the Nabertherm NA 15/65
furnace. Figure 13 shows the influence of the heat treatments on
the mechanical properties, dependent on the SA time. For the W-
Temper-process route, short SA times lead to improved mechan-
ical properties compared to the as-received T6 material. This
underlines the potential of well-designed inline heat treatment.

The results for the O-process route show a high dependency
on the SA time. Based on the results, SA time of 10 min seems to
be preferable, as the tensile strength, yield strength, and elonga-
tion at fracture show the highest values.

Additionally, the HF process routes for stamping are investi-
gated in terms of mechanical properties. Therefore, subsized
specimens are cut out of the top surface from the hat profile
(Figure 14a) after forming and artificial aging. No forming occurs
on the top surface, which means that only the effects of the heat
treatment are investigated. Figure 14b shows the results for the
stamped hat profile, formed by the divided tool (cold/hot sec-
tion). For both cooling strategies, the strength is below the as-
delivered AA7075 alloy in the T6-state. This might be due to
the long transfer time of t=15s after SA (t=15min) to the
stamping tool, resulting in an unintended temperature drop
of the sheet before quenching.

4.1.6. Tailored Properties

Tailored properties can be achieved by targeted quenching dur-
ing or after the forming processes of roll forming and stamping.
This study investigated two different methods for applying tai-
lored properties on the formed part: combined water quench-
ing/air-cooling and HF quenching with separated (hot/cold)
tools. The first method applies for both forming processes
and the second for stamping. Combined water quenching/air-
cooling can be integrated inline into the roll forming process
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Figure 13. Mechanical properties of the AA7075 alloy after different process routes.

chain and is conducted by targeted quenching after forming. In
this study, the experimental setup is simplified to obtain ideal
conditions for the quenching process and reproduce the quench-
ing conditions in the quenching chamber. Therefore, samples
with a length of 170 mm and a width of 12.5 mm are solution
annealed for 5 min at T=480°C in the Nabertherm NA 15/65
furnace. Afterward the samples are partially quenched after a
short transfer time of t=3s, by holding them in a bucket of
water for a defined time (Figure 15a). The sharpness of the
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gradient in the transition zone is of great interest, since it is deci-
sive for the properties of the final part. After quenching, artificial
aging is performed, followed by hardness measurement. The
results for the hardness measurement in the transition zone
are shown in Figure 15b. Zhang et al.*¥ underlined the general
relationship between the hardness and strength of metals. The
influence of different quenching rates on the mechanical prop-
erties of the AA7075 alloy is discussed in ref. [5]. To achieve high
strength, the quenching rate must be high enough.
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the gradient in the transition zone.

The results for targeted quenching show that a short quench-
ing time is advantageous for achieving a small transition zone.
For the 1 s quenched specimen, the transition zone is from 30 to
55 mm. Hence, the length of the transition zone is |, =25 mm
from the minimum hardness by air cooling to the maximum
hardness by water quenching. The transition zone has a length
of I, =40 mm for the 10 s specimen and a length of |, =50 mm
for the 60 s specimen. Heat transfer leads to self-quenching of
the air-cooled material near the water surface. This leads to a
larger size of the transition zone for the long quenching times.
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The results from the test must be transferred to the actual appli-
cation with caution, as the quenching conditions in the model
test are not identical to the quenching conditions in the quench-
ing chamber.

The experimental setup in Figure 16a is used for stamping to
achieve tailored properties in the material. The tailored proper-
ties are adjusted during forming and quenching in the separated
cold/hot tool. Figure 16b shows the hardness distribution of the
hat-shaped profile after the HF—quenching process. The section
of the formed part, which was quenched in the heated section of
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Figure 16. a) Experimental setup for applying tailored properties by HF and targeted quenching. b) Hardness measurement for evaluation of the gradient

in the transition zone.

the tool, has comparatively lower hardness values due to the
lower cooling rate.

However, in the cold section of the tool, higher hardness is
observed in the formed part because of rapid quenching. The
transition area has a length of Iy = 50 mm for the holding time
of 30s in the tool. The influence of different quenching rates on
the mechanical properties of the hot formed parts is shown in
Section 4.1.5.

Comparing both processes for obtaining tailored properties
reveals that the perfect conditions during the combined water
quenching and air cooling lead to a small transition zone.
Furthermore, the hardness values of air cooling and quenching
in the hot part of the tool during HF lead to comparable low hard-
ness values. In contrast, water quenching leads to hardness values
of around 200 HV1, while quenching in the cold part of the tool
during HF leads to lower hardness values of about 165 HVI.
Similar to the strength values, the difference between the two values
might be due to the long transfer time after SA to the stamping tool.

4.2. Ecological and Economic Analysis of the Process Chains

4.2.1. Production Rate

The bottlenecks within the various process routes are identified to
estimate the production rate. The T6 process has the highest pro-
duction rate, since there is no time-consuming heat treatment in
the process chain. Each heat treatment during the process lowers
the production rate, since heat treatment time is much longer than
forming or transfer processes during the process routes. One
exception is the W-Temper process route for roll forming, where
the preheat treatment is feasible inline. This is an advantage for the
production rate of this process route. However, artificial aging is
discontinuous after forming and lowers the production rate.
The W-Temper- and HF process routes for stamping have a slightly
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lower production rate, since the preheat treatment is discontinuous
here. Artificial aging (24 h) and soft annealing (10 h) are the most
time-consuming heat treatments. Thus, the O-process routes for
both forming processes have the lowest production rates.

4.2.2. Energy Efficiency

The most energy-consuming parts of the process chains are the
heat treatments, especially the long-term treatments. Forming
energy is small, compared to the energy and energy dissipation
for the heat treatments. Therefore, this energy is neglected in the
analysis. Besides the T6-process route, all process routes require
at least two heat treatments. The first is to achieve a higher form-
ability of the material and the second is to increase the material’s
performance. Soft annealing is the most energy consuming due
to the least advantageous combination of high temperature, hold-
ing time, and defined temperature cycles. Although the time for
artificial aging is higher, the temperature is significantly lower.

For the W-Temper-process routes, there is a difference
between the forming processes regarding the heating mecha-
nism for the preheat treatment. During roll forming, heat treat-
ment is conducted inline by induction heating. Preheat
treatment for stamping involves SA in a furnace for 15min.
Energy losses are highly dependent on the heating system.
However, a precise determination of energy efficiency is not pos-
sible. For increasing energy efficiency, heat recovery is an option
for returning the lost heat in the form of quenching heat or waste
heat from the furnaces to the heating process.

5. Conclusion

The summary of the forming processes and process routes,
including process design, product quality evaluation, productivity,
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and energy efficiency, is shown in Figure 17. A recommendation
of an appropriate process route, depending on individual require-
ments, is provided. The process routes for applying tailored prop-
erties on the formed parts are not considered in the evaluation.

The T6-process routes offer a high potential, since process
design is simple, and product quality, productivity, and energy
efficiency are high. Disadvantages are the low formability
of the AA7075 alloy in the T6-state and the high springback
after forming. This implies the need to prioritize the individual
assessment parameters for the evaluation of product quality.
Advantages such as the good mechanical properties and surface
quality of the T6 process route are invalid if a component cannot
be produced due to poor formability.

Temperature-supported process routes are helpful to increase
formability and reduce springback significantly, which allow the
manufacturing of more complex profiles. However, the main dis-
advantage for the product quality is the surface quality of the part,
which can be improved by optimizing the process parameters
related to the tribological system. Further disadvantages are
the lower productivity and energy efficiency and thus higher
costs. Additionally, the W-Temper-process route for roll forming
and the HF process route for stamping require an accurate pro-
cess design with low unintended temperature differences of the
material during the heat treatments. As shown in the experi-
ments, slight temperature differences lead to significant differ-
ences in the material properties. Unintentional temperature
differences are caused for example by the sheet transfer after
SA, inhomogeneous heating and quenching conditions, and
the choice of wrong parameters (e.g., SA time). Therefore, the
authors recommend the precise evaluation of the process route
with regard to temperature control as well as the performance of
preliminary tests that accurately simulate the temperature-time
curves of the entire process chain. Thus, it can be verified that the
final components preserve the specified mechanical properties.

Further potential for forming the AA7075 alloy is offered by
applying tailored properties on the produced profiles. Again, a
detailed process design in terms of temperature control is nec-
essary to achieve a small transition area and good mechanical
properties. Two methods are investigated to apply tailored
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properties: combined water quenching/air-cooling and HF
quenching with separated (hot/cold) tools. The minimum size of
the transition area (I, =25mm) within this investigation was
obtained by combined water quenching/air cooling with a short
quenching time. HF and quenching with separated tools lead to a
size of the transition zone of I, =50 mm, which still is a sharp
gradient for long profiles.
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