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Abstract

The extrusion process of aluminum profiles introduces dimensional variations commonly exceeding the dimensional tolerance
requirements for fit-up and assembly when using automated welding processes in the automotive industry. Improving dimen-
sional accuracy of extrusions is challenging from both a technical and economical point of view. However, an alternative
technical approach is to introduce fast and simple downstream processes, such as mechanical calibration, to achieve components
or products with improved dimensional characteristics. In this paper, a new mechanical calibration strategy is proposed based on
the principle of combining transversal stretching and local bending. The strategy is tested on a U-channel extrusion—which is a
particularly challenging geometry for extrusions concerning dimensional accuracy. The overall objective is to improve gap
opening variations on U-channels compared with as-extruded dimensional capabilities, especially in the case of alloys that are
water quenched to obtain high strength and ductility. The study is also intended to serve as basis for future optimization of the
mechanical calibration process. An experimental platform and die/tool system was developed, and finite element simulation was
used as a research tool to re-produce and better understand the calibration process, thus further analyzing the mechanisms and
deformation characteristics important to dimensional accuracy. The experimental results show that the mechanical calibration
strategy has good potential to improve the dimensional accuracy of gap openings of U-channels by 90%. The study demonstrates
that as-extruded profiles with tolerance limits exceeding the requirements of the final component can effectively be calibrated
with the proposed method and hence used in high-volume manufacturing.

Keywords Mechanical calibration - U-channel extrusion - Dimensional variability - Springback

1 Introduction option as a result of corrosion resistance, recyclability, good
manufacturability, and low mass density. Extruded aluminum

As aresult of the evolving environmental crises, the demands ~ profiles allow for flexible cross-sectional designs for long 2D

for reducing air pollution, energy consumption, and CO,
emissions have led to a rapid increase in the use of aluminum
alloy applications in the automotive industry. Additionally,
the regulatory push for more eco-friendly solutions such as
the US fuel economy standards for 2016 has accelerated the
process, as analyzed by Cheah and Heywood [1]. Compared
with traditional steels, aluminum alloys have become a viable
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shapes, which can integrate multiple design features as well as
optimized weight and stiffness solutions. The typical applica-
tion areas for extruded profiles are statically and dynamically
load-carrying components, such as wheel suspension, crash
box assemblies, and windshield frames. Scamans [2] also
points out an emerging application potential for extruded alu-
minum profiles in battery casings for electrical cars. During
the last two decades, several authors have studied industrial
applications of aluminum in the automotive industry. Miller
et al. [3] could report that utilizing aluminum spaceframe for
the Audi A8 BIW led to a weight reduction of 40%, whereas
the mass savings of up to 50% could be obtained by applying
state-of-the-art design strategies for aluminum [4]. However,
Tekkeya et al. [5] emphasize the need for new technologies to
meet the automotive manufacturer’s goal for lighter vehicles.

Numerous applications of aluminum extrusions have been
proven successful, yet dimensional variability is a real chal-
lenge for automation of welding and fit-up. Automotive
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components have thus strict requirements related to the dimen-
sional accuracy of the final part geometry. One way to obtain
consistent results from the forming processes is by controlling
the whole processing route including extrusion, heat treatment,
forming, etc. to avoid accumulation of “noise” and parameters
that result in increased dimensional variability. However, re-
ducing variations from the production process is a complex
task. Identifying important parameters using through-process
modeling of extruded Al-Mg-Si alloys has been demonstrated
by e.g. [6], but future research is still required on this topic.
Reducing dimensional variations due to springback in high-
volume manufacturing of automotive parts is particularly im-
portant to control dimensional variability [7, 8].

The gap opening of extruded U-channel profiles can
vary by several millimeters and has proven to be par-
ticularly difficult to control according to [9]. In addition
to local cross-sectional distortion, dimensional variabili-
ty in terms of twist, straightness, and thickness varia-
tions also contributes to the overall dimensional toler-
ance window of extruded profiles. As a countermeasure,
several calibration methods applied to sheet metal
formed U-channel profiles have been proposed in the
literature. Chou and Hung [10] explained several U-
bending-deep drawing calibration methods for high di-
mensional accuracy forming, including the so-called arc
bottoming and pinching die techniques where the mate-
rial is set up in the through-thickness direction to re-
duce springback. Also, the double bending technique for
springback reduction was discussed and has been prov-
en feasible on steel U-channels [11]. Vollersten [12]
concluded that the accuracy of hydroforming makes this
process capable of forming and calibrating parts with
excellent final geometry. Electromagnetic calibration of
U-channels was presented by Golovashchenko [13]. By
contour restraining a straight U-channel and applying
electromagnetic current, Golovashchenk obtained stress
relief of the part and, thus, decreased springback action.
Electromagnetic impulse calibration applied to deep
drawn U-channels was demonstrated effectively to min-
imize springback and correcting sidewall curl defects by
Iriondo et al. [14] and was later verified numerically by
Cui et al. [15]. Another, relatively new, calibration
method is pulsed electrohydraulic springback calibration
developed by Golovashchenko et al. [16]. Here, the ap-
plication of pulsed pressure was used to obtain through-
thickness stress which reduced or eliminated in-plane
stresses and thereby significantly reduced springback.

There is a growing body of research within the field of
calibration, and significant research efforts have been done to
improve the dimensional accuracy of U-channels. However,
there is still a strong need for innovative, inexpensive calibra-
tion methods applicable to complex U-channel aluminum ex-
trusions. The objective of the present work is to propose and
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demonstrate a new, cost-efficient strategy to improve the gap
opening variability of U-channels compared with as-extruded
profiles. The work is also intended to provide a basis for future
optimization of the mechanical calibration process.

The remainder of the paper is organized as follows:
Section 2 presents in detail the proposed mechanical
calibration strategy by defining mechanical calibration
and discussing the mechanical principles behind the
strategy. Section 3 lays the foundation for the experi-
mental work by analyzing as-received material proper-
ties and describing the experimental platform as well as
tool system employed. Subsequently, the measuring pro-
cess on critical dimensional characteristics of the sample
profiles is presented. Section 4 gives the results and
discussion which also includes a reproduction of the
experimental results by FEA for through process defor-
mations characteristics. Lastly, Section 5 presents the
conclusion and future perspectives of the proposed me-
chanical calibration strategy.

2 Mechanical calibration strategy

Mechanical calibration is intended to be implemented as an
additional process step in the press line to reduce variability of
semi-finished part geometries. Moreover, mechanical calibra-
tion can be defined as the process of forming individual mem-
bers of the cross-section to known, fixed tool surfaces by
relative small-displacement forming. The dimensional accura-
cy in mechanical calibration can be achieved by reducing the
stress gradient through the thickness of individual cross-
sectional members upon forming and thereby minimizing
the springback response. The introduction of local bending
upon calibration of a U-channel makes it important to perform
the forming under a state of stress that minimizes springback.
Accordingly, two strategies can be proposed, i.e., simulta-
neous local bending and transverse stretching and simulta-
neous local bending and longitudinal stretching as illustrated
in Fig. 1.

The graphs in Fig. 2 are based on bending of a sheet (or
lower flange) while simultaneously introducing, respectively,
longitudinal or transverse stretching to correct the gap varia-
tions. Using a simple analytical interpretation of the mecha-
nisms for the latter, the elastic springback curvature of the
bottom flange can be expressed as

M,

ARS = —+
EI

(1)
where M, is the plastic moment, £ is the Young’s mod-
ulus, and 7 is the second moment of inertia of one unit
sheet width. By applying Navier-Bernoulli bending the-
ory in combination with Ludwig’s law, the moment-
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Fig. 1 Principle of two
calibration strategies: a transverse
stretching and b longitudinal
stretching

Extrusion direction

™

curvature relation for the case of transverse stretching is
obtained by solving the following equation for different
stretching strains imposed:
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This formula applies to the case where the “neutral
layer” is located outside the cross-section; hence, the
stretching strain is larger than the maximum bending
strain at the extremities of the sheet member. / is the
flange thickness, and €., and ¢j, are the initial strains at
the top and bottom of the cross-section, respectively.
€my 1S the applied stretching strain at the mid-depth of

Fig. 2 Mechanical calibration
strategies
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the member. K is the strength factor, and » is the strain
hardening parameter in Ludwig’s law.

In the other case—longitudinal stretching—an assessment
of the longitudinal stretching and local bending can be based
on the plastic moment-curvature relationship derived by Welo
[17], for suck-in of aluminum extrusions upon global bending:
m="R (3)

(€mx)

Where e, is the applied stretching strain in the extrusion
direction and & is the initial curvature of the flange (imperfec-
tion). This relationship is only valid when the stretching in the
longitudinal direction is dominating; thus, the comparison
with the transverse stretching method is only applicable when
the neutral layer is outside the cross-section.

The graph in Fig. 2 illustrates the advantage of the trans-
verse stretching strategy over the longitudinal stretching strat-
egy, where the former provides significantly less springback.
It is observed that applying longitudinal stretching levels up to
above 5% is necessary to match the transverse stretching strat-
egy at moderate stretching levels, which yields a great risk of
contraction effects due to mass conservations. However, the
longitudinal stretching still provides a significant reduction of
springback compared with pure bending. The transverse
stretching strategy provides several advantages as it yields a
larger reduction in springback with potentially fewer process
steps. Less springback leads to less dimensional variability
and therefore better process capability. One aspect associated
with the transverse calibration strategy is that the nominal gap
opening has to be designed narrower than the intended dimen-
sions to end up at the target width of the profile. Based on the
theoretical evaluation above, the transverse stretching strategy
is proposed as the most feasible method for mechanical cali-
bration of complex U-shaped aluminum extrusions. To sum-
marize, the proposed mechanical calibration strategy is based
on the principle of simultaneously stretching the bottom
flange and local bending of the profile, hence superimposing
bending and stretching in a nearly one-dimensional state of
stress.

The practical approach to achieve the desired stress state is
shown in Fig. 3, using a wedge and compound tooling and
stretching the initially curved bottom flange, thus inducing

Wedge
Shim block
Tool surface

Nominal geometry

(a)

Fig. 3 Overview of the mechanical calibration process: a as-extruded geometry variations, b mechanical calibration strategy, and ¢ calibrated geometry
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local bending until the fixed die surfaces. By moving the
wedge, the initial width of the profile is increased by
stretching and flattening the initial curvature as illustrated in
Fig. 3.

3 Experiment
3.1 As-received profile material

The U-channel profiles used in this study are made out of a
6082 T4 alloy and were intentionally made outside standard
extrusion tolerances with larger-than-nominal gaps. By utiliz-
ing these profiles, the mechanical calibration strategy can
demonstrate its capability to eliminate geometrical variations
and thus also its applicability for extruded profiles with stan-
dard tolerances. To determine the specific material properties
of the as-received profiles, three tensile tests were conducted.
The sample location was placed close to the corner geometry
of the profile’s bottom flange to capture the most relevant
material data for the local bending action. A 3D digital image
correlation (DIC) setup was utilized to monitor the strain evo-
lution in both the longitudinal and transverse directions of the
specimen. The sampling position in the profile and the geo-
metrical dimension are depicted in Fig. 4. The test sample was
designed with a parallel length of 19.34 mm, 3-mm thickness,
and 5-mm width. The tests were quasi-static with a strain rate
of 0.02 mm/min, and an MTS Criterion Model 42, with a
maximum capacity of 5 kN, was used for the testing operation.
The VIC 3D was employed for postprocessing the image data.
Some key material data and chemical composition of the ma-
terial is given in the engineering stress-strain curve of Fig. 4
and Table 1.

3.2 Design of experimental platform and tools

The mechanical calibration setup includes two main parts: a
stationary die and a forming tool, as shown in Fig. 5. The
stationary die is constructed out of five parts, including a base
plate, two solid die blocks, and two profile-specific inserts.
The die blocks give the setup sufficient structural integrity,
while the profile-specific inserts provide variant flexibility of

(c)
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Fig. 4 Material property of as- @)
received AA6082 T4 profile: a

Sampling position for tensile

testing and b engineering stress-

strain curve

51001

the calibration tool, where the inserts can be altered to fit a
variety of profile geometries. To ensure excellent accuracy of
the assembly, as well as preventing the die blocks from sliding
under loading, ten @10 stainless steel pins together with ten
M16 8.8 bolts were fitted between each die block and base
plate. The profile-specific inserts were bolted horizontally
with three countersunk M8 8.8 bolts into the die blocks. The
forming tool is made up of three parts, consisting of a wedge-
like inner unit and two profile-specific shim blocks, designed
with a 5.7° taper and compound which gives 1/10 relation
between the vertical wedge displacement and horizontal shim
block movement. To ensure proper contact conditions be-
tween the shim blocks and profile, the shim blocks were
adapted to the internal geometry of the profiles.

The calibration width of the profile was defined
based on standard extrusion tolerances of the internal
width of the bottom flange, w =48+ 0.6 mm. To ensure
at least 2% plastic strain for the profiles at maximum
dimensional tolerance, the bottom flange has to be
stretched to 49.67 mm. For comparison, this will give
3.5% plastic strain for the nominal flange width and
4.8% plastic strain for a flange with minimum toler-
ances. This difference will cause some variation in
springback, but it was believed that the effect will be
low since the natural layer is always outside the cross-
section. Finally, by adding wall thickness at the maxi-
mum tolerance, the total die opening reaches a width of
58 mm, where the nominal gap opening dimension ends
up at 50.2 mm. The test rig, shown in Fig. 6, was
reinforced and fitted with two single-acting cylinders
to provide the calibration and reversing actions. The

(b) 300
Ultimate strength
250 \
200 Fracture
K :
g 150 |/Yield strength
8]
100
" 501 Yield strength = 143 MPa
e Ulitmate strength = 249 MPa
0
' 0.00 0.05 0.10 0.15 0.20 0.25 0.30
&

wall thickness variations of the profile made a fixed
mechanical stop inappropriate for the process, resulting
in insufficient calibration at minimum thicknesses and
potentially too high force or incomplete movement
when the profile was at maximum thickness dimensions.
Consequently, it was decided to employ a process that
is force-controlled based on the inlet pressure of the
downward acting cylinder.

To ensure consistency of the results, a careful experimental
procedure was developed. Before each test run, the tool sys-
tem and profiles were lubricated with Mobil Vactra oil No. 2.
The lubrication significantly reduced the effect of friction and
the capacity requirements of the hydraulic cylinder. All the
profiles were marked at the upper right flange and were placed
in the die with the same orientation. The profiles were pressed
into the die by a custom steel plate pushed by the wedge. After
the profile was properly located, the shim blocks were
installed, and the calibration process was initiated by pressur-
izing the downward-acting hydraulic cylinder. The pressuri-
zation continued until the pre-set 180 bar pressure was
reached and the release mechanism was activated by the sec-
ond hydraulic cylinder. Finally, the profile was carefully re-
moved from the die and stored before the last round of
measurements.

3.3 Measurements of profiles

The 500-mm-long sample profiles (see Fig. 7) were carefully
measured following for dimensional tolerances on extruded
aluminum profiles. To capture the profile’s cross-sectional
dimensions along the length of the profile, a coordinate

Table 1 Chemical composition

of 6082 alloy [18] Element  Si Mg

Mn Fe Cr Zn Ti Cu Others (total)

Wt.% 07-13 06-12

04-10 050 025 020 0.10 0.-0.1 0.I5
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Fig. 5 Calibration tool

- Wedge
description

Die blocks
Shim blocks
Profile spesific insert

Base plate

measurement machine of the type Leitz PMM-C 600 was
utilized. The machine was preprogrammed to produce a point
cloud representing the internal geometry of the profile, as
illustrated in Fig. 8. The coding of each point is based
on a three-digit number, the first number ranges from
1 to 3 and defines each of the three internal surfaces of
the profile. The second digit defines the points on the
webs or bottom flange. Along the length of the profile,
there are five sections defined by the third digit. Gap A,
later used in Section 4, Results and discussion, is de-
fined as the distance between point 26X and 16X, while
Gap B is defined between point 21X and 11X. The
vertical distance between each point on the web is
10 mm and 115 mm along the extrusion length. On
the bottom flange, the points are located 7 mm apart.
The thickness of the profiles is measured twice with a
handheld Mitutoyo Coolant Proof Micrometer. The twist
was measured as the maximum distance between the
profile’s four corners on a Metron diabase surface plate
with the profile resting under its weight. These measure-
ments were conducted with a metric feeler gauge and
repeated twice. All these dimensions—i.e., thickness,

Fig. 6 Overview of the
Hydraulic actuator #1

M16 bolts
Profile

MS bolts
910 Pins

twist, and straightness—were within standard extrusion
tolerances.

4 Results and discussion
4.1 Mechanical calibration sequence

Figure 9 shows different stages of the experimental calibration
process in the prototype tool, from initial profile geometry to
the finished part geometry. This photograph sequence plainly
shows the improvement from the wide gap distortion of the as-
extruded profile geometry to more parallel U-shaped profiles
after calibration and springback.

4.2 Calibration effect on gap opening

The most essential calibration effects related to the web-to-
web distance variations from the experiment are illustrated in
Figs. 10 and 11. Figure 10 presents the profile’s end gap in the
form of Gap A as previously illustrated in Fig. 8. The first
observation from these results is that the maximum variation

calibration testing rig

Reinforcment

Hydraulic actuator #2

Control unit — . :

-
.-

Guides

Mechanical Calibration Tool
Base beam
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Fig. 7 Overview of profile sample located in coordinate measurement
machine

from unformed gap distance to calibrated gap distance is sig-
nificantly reduced, which is indicated by the nearly flat curve
in Fig. 10. From the five samples, the maximum deviations
between the widest and narrowest gap are subsequently
4.38 mm for the as-extruded profiles and 0.42 mm after cali-
bration. Hence, the maximum gap opening variations are re-
duced by 90% after calibration. These findings imply that the
mechanical calibration process has a better dimensional capa-
bility than what can be achieved directly from the extrusion
process, i.e., 0-3-mm gap variations. However, it should be
emphasized that the relative improvements obtained from the
tested profiles cannot be extrapolated linearly to the capability
of the process used for profiles within standard extrusion tol-
erances. The reason being that the magnitude of variations in
springback would be relatively closer to the initial as-extruded
gap opening variation and thus less relative improvement is
gained.

Based on the nominal wall thickness, the die was designed
with a theoretical gap opening of 50.2 mm, whereas the aver-
age gap opening after calibration is 51.14 mm. This average
gap opening shows that the particular configuration fails to
meet the intended nominal gap opening dimensions with a
constant off the target dimension close to 1 mm. This is a

Point: XX
: : S

o )
fGap A: (26X - 16X)

6
5 .
4
2 3 1

2
1 I-' 11 —T Gap B: (21X - 11X)

/ . o — - . \

1 2 3 4
0

Fig. 8 Point cloud from coordinate measurement machine

targeting issue associated with the tool itself and is not neces-
sarily related to the final dimensional variations of the profiles.
Figure 11 shows a bar plot of the profile gap opening dimen-
sions ranging from Sections 1 to 5, where 3 is the longitudinal
center of the profile. The error bars are the standard deviation
from all of the five samples. One can see that there is a clear
trend that the ends, which experience less constraints by the
surrounding material, demonstrate a wider gap opening after
calibration than the center section along the profile.

4.3 Calibration effect on profile geometry

The final geometry of the profile in Fig. 12 shows a bar plot of
the five profiles with the average profile gap opening A and
the “lower” gap opening B. From this plot, one can see that the
process does not produce perfectly parallel webs and that there
is a constant offset that makes the profile’s webs splay slightly
outwards. Considering the initial angularity of the webs, how-
ever, the calibration process still significantly improves the
“parallelism” of the webs. The error bars show the standard
deviations of the through profile gap measures and are related
to the through profile springback phenomenon observed in
Fig. 11 in the previous section. By illustrating (see Fig. 13)
the respective six measurement points from lowest (111) to
highest (116) (see Fig. 8) on the right web relative to the
lowest point, the overall geometrical shape of the profile
web is visualized. The plot shows the change of locations both
before and after forming, as well as the reduction of variations.
Another observation is that the nominal web shape has gotten
a slight curvature. Lastly, Fig. 14 illustrates the outline of a
representative profile corner’s geometry after calibration,
showing that the bottom flange has a slightly concave shape.
From the experimental results, it is unclear if the shape orig-
inates from the bending action of the bottom flange during
calibration or upon the unloading process. This issue will be
further analyzed in the FE section.

4.4 Deformation characteristics identified by FEA

The physical experiments mainly provide results related to
final part geometry and somewhat limited knowledge of the
mechanisms throughout the calibration process. To further
explore the latter, an FE model was established to gain insight
into the deformation characteristics during the whole process,
starting from the placement of the profile into the die to final
springback, thus providing the basis for the future optimiza-
tion of the mechanical calibration process.

4.4.1 FE modeling of mechanical calibration process
Based on the Abaqus platform, a multistep FE model was

established to simulate the mechanical calibration of the U-
channel profile. Figure 15 shows an overview of the FE

@ Springer
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Fig. 9 Mechanical calibration sequence: a initial geometry, b profile placement in die, ¢ calibration, and d final part geometry

model. The dynamic explicit algorithm was applied to the
forming stages, whereas the static implicit algorithm was
used for simulation of the springback stages. In total, the
simulation was divided into four consecutive stages:
placement of profile into the die (insert), springback 1,
mechanical calibration, and final springback 2. The pro-
file and tool system was established as a symmetry model
with respect to the xy-plane (see Fig. 15). The geometry
dimension of the initial profile is based on the experi-
mentally measured results, in which the gap size uses
the average level from experiments. The shim block
was given z-symmetry conditions at the reference point
defined at the mass center. During the springback stages,
the x-symmetry plan was constrained in the y-direction.
Also, in the springback 1 stage, the contact point between
the profile and die was constrained in the x-direction.
When simulating the placement of the profile into the
die, a vertical velocity of 19.38 mm/s was applied to
the shim blocks, whereas the wedge was prescribed a
vertical velocity of 29.75 mm/s throughout the calibration
stage. The Coulomb model with a friction coefficient of

66

—=—  As-extruded —e— (alibrated
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w
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Fig. 10 Gap A opening at the front of the profiles
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1 =0.2 was used to define the contact between profile
and tools. Concerning material properties, the Mises yield
criterion associated with isotropic hardening law was
employed. The material data was extracted from the uni-
axial tension test including Young’s modulus of 69 GPa
and Poisson’s ratio of 0.33. Lastly, the U-channel was
meshed with solid linear brick elements, C3D&8R, with
reduced integration and hourglass control. Rigid elements
of the type R3D4 was applied to the tool and die. In the
plane zones of the profile, the mesh size was 1 x 1 x
I mm and 0.5x0.5x%1 mm in the corner zones. In the
plane zones, the mesh size gives four elements through-
thickness which was found sufficient for representing
bending problems by Song et al. [19]. A comparison
between experiments and simulation of gap A and gap
B is shown in Fig. 16. The results indicate that the rela-
tive prediction errors of gap A and gap B are 0.94% and
0.79%, respectively, showing good prediction accuracy
and reliability. Hence, the FE model will be employed
to analyze the deformation characteristics of the mechan-
ical calibration process.

Gap A

w
.
o

GAP [mm)]

50.8}

50.6

50.4

1 2 3 4 5
Profile section
Fig. 11 Average Gap A through profile length
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4.4.2 Analysis of deformation characteristics

Based on the FE simulation, Fig. 17 shows the overall distri-
bution of effective plastic strain (PEEQ) during the insert-
springback-calibration-springback steps. It can be found from
Fig. 17a and b that during the insert stage of the as-extruded
profile, the plastic strain concentrates in the middle zone of the
bottom flange. The maximum effective plastic strain is less
than 2%. As shown in Fig. 17¢ during the calibration process,
the plastic deformation mainly occurs in the corner zone, the
sidewall near to the corner, and the middle zone of the bottom
flange. The strain concentration is at the inner side of the
corner, in which the maximum effective plastic strain can be

N
1161 { A} .
ey
115
114
P | Target
k= —e— (alibrated
& —e—  As-extruded
113
112
SN
111 B}
S

-2 -1 0 1 2 3 4 5 6 7 8 9 10
Relative point position [mm]

Fig. 13 Right web shape before and after calibration

Fig. 14 Outline of local deformation of corner

up to 14%. Hence, we will focus on the calibration stage and
the following springback stage to further explore the process
behaviors and characteristics.

Wedge
Shim block

Profile

Die

Z i—» X
Fig. 15 Overview of FE model
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Fig. 16 Comparison between FE simulation and experiment

Figures 18 and 19 show the stress and strain distribu-
tions during the calibration process and the final
springback process, where S11 and S22 represent the stress
components in x-direction and y-direction, respectively and
the PE11 and PE22 mean the strain components in the two
directions, respectively. It can be found that the plastic
deformation during calibration is mainly focused on the
bottom and the sidewall near the bottom corner. In the
bottom, tension dominates the deformation during calibra-
tion (see Figs. 18a and 19a). Due to the non-uniform thick-
ness, the stress and strain in the thinner middle zone are
higher. The tension deformation does not cause stress gra-
dient through the thickness of the bottom flange. However,

(a)

PEEQ PEEQ

(Avg: 75%) (Avg: 75%)
+1.954e-02 +1.954e-02
+1.791e-02 +1.791e-02
+1.628e-02 +1.628e-02
+1.465e-02 +1.465e-02
+1.303e-02 +1.303e-02
+1.140e-02 +1.140e-02
+9.770e-03 +9.770e-03
+8.141e-03 +8.141e-03
+6.513e-03 +6.513e-03
+4.885e-03 +4.885e-03
+3.257e-03 +3.257e-03
+1.628e-03 +1.628e-03
+0.000e+00 +0.000e+00

Insert Springback 1

(c)

as can be seen in Fig. 18a or ¢, some bending of the bottom
flange occurs during the calibration stage, hence causing
the concave flange in Fig. 14. Since the tension deforma-
tion introduces almost uniform stress across thickness, on-
ly a slight elastic deformation recovery occurs during the
following springback, resulting in limited angular changes
in the bottom flange of the profile.

Figure 20 shows the logarithmic strain distribution, in
which LE11 and LE22 represent the stress components
in x-direction and y-direction, respectively. It can be
found from the corner zone that there is a strain con-
centration in the interior side of the corner. The strain
concentration causes a significant stress gradient in the
corner, which creates a large moment in the cross-
section of the corner. During springback the moment
is partially released, contributing to angular change of
the sidewall. For the stress and strain distribution in the
sidewall, as shown in Figs. 18c and 19b, there is a
significant locally concentrated bending deformation in
the sidewall near to the corner zone. From Fig. 19a and,
it can be found that the maximum plastic tension strain
component PE11 and PE22 at the outer of the local
bending zone can be up to —0.04 and 0.04. After
springback, the elastic portion is greatly recovered (see
Fig. 20b), which also makes a pronounced difference in
the angle of the sidewall.

Based on the multistep simulation as well as the
analysis above, it can be concluded that the shape
changes during the final springback are mainly caused
by the strain concentration of the corner zone and the
local bending effect of sidewall near to the corner. To
quantitatively characterize the shape change caused by
springback, the geometrical dimension of the different
points along with the sidewall direction is measured,

(d)

PEEQ PEEQ
(Avg: 75%) (Avg: 75%)
+1.400e-01 +1.400e-01
+1.283e-01 +1.283e-01
+1.167e-01 +1.167e-01
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+9.333e-02 +9.333e-02
+8.167e-02 +8.167e-02
+7.000e-02 +7.000e-02
+5.833e-02 +5.833e-02
+4.667e-02 +4.667e-02
+3.500e-02 +3.500e-02
+2.333e-02 +2.333e-02
+1.167e-02 +1.167e-02
+0.000e+00 +0.000e+00
Calibration Springback 2

Fig. 17 Simulation of mechanical calibration process: a insert, b springback, ¢ calibration, and d final part after springback 2
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Fig. 18 Stress distribution during mechanical calibration. a Calibration stress S11, b springback stress S11, ¢ calibration stress S22, d springback stress

as shown in Fig. 21a and b. Due to springback caused
by the strain concentration of corner and local bending
in the sidewall, the difference between the target and
actual part is increased to 0.39 mm in the experiment
and 0.26 mm in the simulation. Concerning the shape of
the web, the FEA has not quite captured the average
experimental web form, i.e., linear vs curved, and needs
to be addressed in future research. Even though the
variability from springback induced changes is an im-
provement compared with the variability of standard as-
extruded profiles, there is still an untapped potential to
increase the accuracy of final part geometry. A potential
approach is to optimize the tooling design, thus reduc-
ing the stress gradient caused by the strain concentration
and local bending effect. In sheet metal forming, several

(@)

PE, PE11

(Avg: 75%)
+8.000e-02
+7.000e-02
+6.000e-02
+5.000e-02
+4.000e-02
+3.000e-02
+2.000e-02
+1.000e-02
+0.000e+00
-1.000e-02
-2.000e-02
-3.000e-02
-4.000e-02

Calibration

methods have been developed to reduce springback;
however, in most cases, springback cannot be totally
eliminated. Therefore, compensation methods might be
explored in combination with the reduction approach to
control the final springback in the future optimization.

5 Conclusions and outlook

In this paper, a new mechanical calibration strategy for U-
channel aluminum extrusion is proposed, tested, and eval-
uated. The calibration strategy is motivated by the need
for improvements of dimensional tolerances for assembly
and automated welding in high-volume manufacturing.
The main challenges regarding the production of high-

(b)
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(Avg: 75%)
+4.000e-02
+3.000e-02
+2.000e-02
+1.000e-02
-7.451e-09
-1.000e-02
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-3.000e-02
-4,000e-02
-5.000e-02
-6.000e-02
-7.000e-02
-8.000e-02

Calibration

PE22

Fig. 19 Strain distribution during final springback. a Calibration plastic strain PE11, b calibration plastic strain PE22
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Fig. 20 Deformation characteristics during springback. a Springback 2 logarithmic strain LE11, b springback 2 logarithmic strain LE22

precision U-channel extrusions are “noise” from the alu-
minum production chain and the transient nature of the
extrusion process itself. Challenges directly related to
the mechanical calibration strategy are sensitivity to pro-
cess parameters, variability of material properties, and
part geometry of the incoming extrusions influencing
springback. The main conclusions of this study are sum-
marized in the following points:

* The initial hypothesis was that simultaneously intro-
ducing transverse stretching in combination with local
bending does reduce springback and thereby the di-
mensional variability. The experimental results
showed a 90% improvement in the maximum gap
opening variations for the substandard U-channel pro-
files. This improvement implies that the process is
capable of reducing dimensional variations of as-
extruded profiles. It also indicates that the process is
capable of improving the dimensional variability of
extrusions with standard tolerances.

Fig. 21 Deformation

* Based on the multistep FE simulation, the dominating
deformation characteristics of the mechanical calibration
process were identified as concentrated deformation in the
corner region and local bending of the sidewall near the
corner. The coupled deformation effect can result in a
springback of sidewall after calibration, which implies that
further optimization of the process parameters and tool
design, in order to obtain an improved state of stress under
calibration, would lead to further reduction of springback
and thus reduced dimensional variability.

» Toreach the next technology readiness level (TRL), future
work should consist of research on influencing factors
such as material, geometry, and process parameters. This
includes FEA accuracy and a statistical capability study on
the reduction of dimensional variability.
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