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Abstract

Lightweight construction in modern car design leads to an increased usage of various
aluminium semi-finished products. Besides sheet material, aluminium extrusion profiles
are frequently used due to their high stiffness and variety of possible cross-sections.
However, similar to sheet material, aluminium profiles exhibit limited formability in
comparison to mild steel materials. One possibility to increase the forming limits of
precipitation hardened aluminium alloys is the so-called Tailored Heat Treatment
technology. By a local short-term heat treatment, the material is softened and the
material flow can be controlled to reduce stresses in critical forming zones. The
purposeful definition of the heat treatment zones is mandatory to improve the forming
results. Therefore, numerical methods are necessary. In this investigation, a numerical
process chain is presented. It combines the thermo-mechanical simulation of a local
laser heat treatment with a subsequent bending process of the heat-treated profile
using the alloy EN AW-6082. The temperature distribution, mechanical properties, and
finally, the bending result of the numerical model are validated by experimental tests.

Keywords: Aluminium alloy, EN AW-6082, Tailored Heat-Treated Profiles, Process chain
simulation, Material model, Bending simulation, Anisotropy, LS-Dyna

Introduction
Recently, the usage of aluminiumalloys has steadily increased due to the rising importance
of lightweight construction due to the concerns of emission reduction [1]. However, parts
made of mild steels can often not be substituted by aluminium parts because of their
comparatively low formability. One approach to increase the formability of aluminium
sheet material is the use of so-called Tailored Heat-Treated Blanks (THTB). By a local
short-term heat treatment, the precipitates are dissolved in the aluminium matrix such
that less obstacles hinder the dislocation movement, and the material is locally softened.
By the interaction of soft and hard zones, the material flow can be modified to reduce
stresses in critical forming zones [2].
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For a purposeful design of the heat treatment layouts, numerical analysis is needed
to predict the material’s behaviour, identify critical areas on the part, and design the
heat-treated zones accordingly. One of the early investigations regarding the use of heat
treatment layouts for increasing the formability of precipitation hardened aluminium
alloys was conducted by [3], who characterised the material softening of AIMg0.4Si1.2
by laser heat treatment. In addition, the influence of the heat treatment on the formabil-
ity of deep drawn cups was analysed and compared to analytically calculated data. They
showed an increase of the deep drawing limits as well as a good correspondence between
the analytical and experimental results. Especially in the last few years, based on the fast
development in the field of FE-simulation and increasing computing capacities, various
numerical approaches to improve the design of the heat treatment layouts have been
developed. One example for this is an inverse approach presented by [4] who used the
results of the forming simulation to derive and optimise a suitable heat treatment lay-
out. However, a precise characterisation of the mechanical properties and modelling of
the material behaviour is mandatory for a realistic calculation of the heat treatment and
forming processes. In this context, [5] presented the material modelling of the aluminium
blank material AA6014 PX regarding the hardening, yielding, anisotropy, as well as the
failure behaviour. Based on an extensive material characterisation and considering the
maximum heat treatment temperature, as well as the natural ageing duration, heat treat-
ment layouts were derived for the enhancement of the formability of deep drawing parts
in the automotive industry. In most investigations, the material behaviour in simulations
is modelled according to the maximum temperatures during heat treatment based on an
experimental or numerical analysis. Therefore, the influence of heating and cooling rates,
as well as residual stresses due to temperature gradient effects, are neglected. In addition,
in the case of many semi-finished aluminium products (e.g. rolled blanks, extrusion pro-
files) a high anisotropic behaviour of the material is present [6], which influences material
thinning as well as geometrical deformations during bending processes [7]. Thus, the aim
of this investigation is the transfer of the THTB approach on Aluminium Tailored Heat-
Treated Profiles (THTP), and the development of a numerical model of the THTP process
chain. Especially, heat treatment simulation results (microstructures, properties, residual
stresses, deformations) should be transferred to the forming simulation. As an application
example, a numerical process chain consisting of a thermo-mechanical simulation of a
short-term laser heat treatment will be combined with a subsequent tube bending sim-
ulation of an aluminium extrusion profile (Fig. 1). The numerical data will be compared
with experimental results regarding temperature distribution, the resulting mechanical
properties, and the use of optical strain measurement.
Former investigations of the application of Tailored Heat Treatment mainly focused on

improving deep drawing processes of blanks in the automotive field. However, due to the
increased use of high strength alloys and higher design demands, new challenges have also
arisen regarding the bending of aluminium extrusion profiles. During the tube bending
process of aluminiumhollow extrusion profiles, the appearance of different failure types is
documented.The reason for this is the typical bendingmoment induced stress distribution
over the profile cross-section (Fig. 2).
Cross-section deformations appear for parts with high bending angles and small cur-

vatures. Radial forces on the flanges of the profile lead to a lateral bulging of the profile
walls, and the compressive stresses on the inner radius promote the formation of wrinkles
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Fig. 1 High level overview of numerical process chain and the respective experimental testing

Fig. 2 Material flow mechanism of THTP

Table1 Mass fraction of the alloying elements in the investigated alloy

Alloy Mass fraction in %

Si Fe Cu Mn Mg Cr Zn Al

OES EN AW-6082 T4 0.94 0.19 0.05 0.58 0.76 0.08 0.20 Balance

DIN EN 573-3 (6082) 0.7–1.3 ≤ 0.5 ≤ 0.1 0.4–1.0 0.6–1.2 ≤ 0.25 ≤ 0.25 Balance

and may result in the collapse of the cross-section. An excessive material thinning on the
outer radius can be observed due to high tensile stresses (Fig. 2a), which finally leads to
necking failure and an increasing rate of defective parts. By local short-term heat treat-
ments on the distinctive profile sides, the material is softened (Fig. 2c) and the material
flow is facilitated. Thus, the critical failure tensile and compressive stresses in the forming
zone can be reduced (Fig. 2b) so giving the possibility to improve the bending result with
respect to the maximum achievable bending angle, as well as the geometrical aspects.

Short-term heat treatment simulation
The simulation model was implemented using the finite element software LSDyna, which
is suitable for heat treatment simulation as well as for bending simulation. Using the same
software is very beneficial for transferring outputs of the heat treatment simulation as
inputs for the subsequent bending simulation.
The material model was adapted to the precipitation hardening aluminium alloy

EN AW6082 in the natural aged state (T4). A hollow quadratic extrusion profile 40mm
× 40mm × 3mm was used. The chemical composition of the investigated alloy is given
in Table 1.
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Fig. 3 Schematic time-temperature profile and essential parameters of the thermo-mechanical analysis to
record load-elongation diagrams during a heat treatment with the heating rate of 100 Ks−1 to different
maximum temperatures, and subsequent cooling at 10 Ks−1

Mechanical material model

The strength of precipitation-hardening aluminium alloys, such as EN AW6082, is
achieved by finely dispersed particles in the aluminium matrix. The precipitation state
of an aluminium alloy therefore has a significant influence on the mechanical properties.
A continuous time-temperature-dissolution diagram has already been established for the
alloy under investigation, which was recorded bymeans of thermal analysis by differential
scanning calorimetry (DSC) [8]. This diagram is the basis for the following developed
mechanical material model. In order to correlate the findings from the thermal analysis
with themechanical properties, tensile tests were carried out in a quenching and deforma-
tion dilatometer type BÄHR 805 A/D (BÄHR Thermoanalyse GmbH). The experimental
details for recording force-extension curves in the device used can be found in [9]. For
this purpose, tensile tests were performed during heating, as well as during cooling, after
differentmaximum temperatures at different actual temperatures. A laser short-termheat
treatment is characterised by a very high heating rate of a few 100 Ks−1 and a subsequent
rapid cooling with a few 10 Ks−1 [10]. In order to reproduce the temperature profile dur-
ing a short-term heat treatment, a constant heating rate of 100 Ks−1 and a cooling rate of
10 Ks−1 were used for the thermo-mechanical analysis. The schematic time-temperature
profile, as well as the essential parameters of the thermo-mechanical analysis during the
short-term heat treatment, are shown in Fig. 3 on the left. In addition, tensile tests were
carried out to room temperature after different maximum temperatures of a short-term
heat treatment, as shown in Fig. 3 on the right.
Theusedquenching anddeformationdilatometer require a customised tensile specimen

geometry (see Fig. 3). This tensile specimen geometry was specially developed for the
device [9], but deviates from the standard tensile specimen geometry. However, it could
be shown that the results are comparable to those of standard tensile specimens [11].
Figure 4 displays the yield and tensile strengths of the alloy EN AW6082 T4 during heat

treatments to different maximum temperatures during heating at 100 Ks−1 and cooling
at 10 Ks−1. Figure 4a shows that the yield and the tensile strength decrease continu-
ously during heating up to 200 ◦C. During the subsequent cooling, the strength increases
again. However, the initial strength is not completely recovered. A slight softening can
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Fig. 4 Yield and tensile strength of the alloy EN AW6082 T4 during heat treatments to different maximum
temperatures during heating at 100 Ks−1 and cooling at 10 Ks−1

be observed by the short-term heat treatment with the maximum temperature of 200 ◦C.
The same material behaviour is evident in the short-term heat treatments with higher
maximum temperatures. During heating, the tensile and yield strengths decrease with
increasing temperature, whereas the strengths increase again during cooling. The soften-
ing after the short-term heat treatment increases with the rising maximum temperature.
As can be seen in the example of the yield and tensile strength, themechanical properties

of the investigated alloy depend on themaximum temperature during the short-term heat
treatment. This behaviour correlateswith the findings from the thermal analysis. Up to the
maximum temperature of 200 ◦C, the yield and tensile strength are only slightly reduced
after the short-termheat treatment. Themain softening takes place between temperatures
of 200 and 300 ◦C. In this temperature range, the strength-increasing clusters and GP-
zones of the initial state are dissolved [8]. Between temperatures of 300 ◦C and 400 ◦C,
the yield and the tensile strengths are slightly reduced with rising temperature.
Furthermore, it was shown that the mechanical properties of the alloy EN AW6082 T4

during heating differ from those during cooling. They strongly depend on the heat treat-
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Fig. 5 Temperature transformation ranges of the imaginary phases for alloy EN AW6082 T4

ment history besides the current temperature. This mechanical behaviour of the alloy
EN AW6082 T4 during the short-term heat treatment is to be modelled in the numeri-
cal simulation. For this purpose, a model approach for a low strength alloy 6060 [12] is
further developed for the present high strength alloy 6082. For this purpose, the initial
state is defined as an imaginary hardened phase (H), while the softened state after higher
maximum temperatures is defined as an imaginary softened phase (S). These phases are
transferred to each other depending on the temperature during heating. During cooling,
no phase transformation is defined, because typical cooling rates of about 10 Ks−1 exceed
the critical cooling rates of most 6XXX alloys [13]. The virtual phases are assigned to
temperature-dependent flow curves. The material model does not consider the heating
or cooling rate. Therefore, flow curves, which were recorded during a typical short-term
heat treatment, i.e. during a rapid heating of about 100 Ks1 and during a cooling rate of a
few 10 Ks1, have to be assigned to the virtual phases. A detailed description of thematerial
model for the alloy EN AW6060 T4 can be found in reference [12].
Intermediate phases can be implemented between the imaginary hardened phase (H)

and the imaginary softened phase (S), to describe the material behaviour more accurately.
In order to be able to map the relatively large softening range of the alloy ENAW6082 T4,
two intermediate phases (I1 and I2) were implemented. The transformation temperatures
of the individual imaginary phases have been defined according to the continuous heat-
ing dissolution diagram [8]. Figure 5 shows the temperature transformation ranges of the
imaginary phases for alloy EN AW6082 T4. The alloy is slightly softened by a short-term
heat treatment up to themaximum temperature of 200 ◦C. This is considered in themate-
rial model by implementing the intermediate phase (I1) at 200 ◦C. Most of the softening
takes place in the peak temperature range between 200 ◦C and 300 ◦C. For this reason, at
themaximum temperature of 300 ◦C, the intermediate phase (I2) is inserted. Themechan-
ical properties do not change further after the short-term heat treatment above the peak
temperature of 400 ◦C. For this reason, it is defined that from the maximum temperature
of 400 ◦C, only the softened imaginary phase (S) is present. The individual phases change
linearly depending on temperature, as Fig. 5 shows schematically. In LSDyna the keyword
*MAT_GENERALIZED_PHASECHANGE predefines different phase transformation laws.
Only one of the predefined phase transformation laws can be linearised. This is the phase
transformation law according to Johnson-Mehl-Avrami-Kolmogorov (JMAK) [14].
The temperature-dependent flow curves of the single imaginary phases have been

described by the Hockett-Sherby function [15]. A detailed description of the calcula-
tion of the temperature-dependent flow curves and Hockett-Sherby parameters from the
experimental data can be found in reference [12].
A simple geometric model was used to verify the mechanical material model of alloy

EN AW6082 T4. The simulation model consisted of a single cube-shaped solid element
with an edge length of 1mm. This element was subjected to a defined temperature profile
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Fig. 6 Experimentally determined and simulated flow curves after different short-term heat treatments

to simulate heat treatment. The element was firmly clamped on one side by boundary
conditions. The nodes on the other side were loaded with a predetermined displace-
ment. Thermal expansion was not considered during this simulation to prevent thermally
induced deformation. The time-temperature curve was varied in both the maximum
temperature, and in the temperature during deformation, in different individual simula-
tions. The time-displacement curve remained constant during all individual simulations.
The simulated flow curves were then compared with experimental data. Figure 6 clearly
shows that thematerial model adapted to ENAW-6082 T4 provides very good agreement
between the experimental and simulated flow curves.
It has been demonstrated that the material model calculates the mechanical properties

during a short-term heat treatment very well, while the most important factors, the max-
imum temperature, the temperature path, and the current temperature are considered.
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Fig. 7 Implemented temperature-dependent material properties; A Young’s modulus; B coefficient of thermal
expansion; C Poisson’s ratio [16]

The material model can therefore be regarded as valid with regards to the mechanical
properties. The material model is subsequently transferred to the laser heat treatment of
the extrusion profile.

Heat treatment simulation model

The hollow extrusion profile with a cross section of 40 × 40 × 3mm and a length of
330mm was modelled in the FE-Software LS-Dyna by cubic solid elements with an edge
length of 1mm. The previously validated model for the alloy EN AW-6082 T4 was used
as a mechanical material model. For the simulation, thermo-mechanical modelling is
used, which is then solved using an explicit approach. The initial temperature is 25 ◦C.
The boundary conditions were determined by a convective heat transfer at an ambient
temperature of 25 ◦C, and a heat transfer coefficient of 2.5 Wm−2K−1. The heat input by
laser was implemented in the simulation model by a moving heat source. Via the keyword
*BOUNDARY_FLUX_SET. The time-varying power of the laser to reach the specified
temperature was extracted from the experimental power control data and used as an
input for the heat treatment simulation.
Further material parameters must be defined for the material model. The specific heat

capacity was defined as 896 Jkg−1K−1, and the thermal conductivity as 180 Wm1K1. The
material density was set at 2.7 g cm−3. Young’s modulus, coefficient of thermal expansion,
and Poisson’s ratio were defined as temperature-dependent, as shown in Fig. 7.

Validation of short-term heat treatment simulation

For the temperature validation, a laser short-term heat treatment was performed on a real
aluminium extrusion profile by a diode laser (LDM3000-100, PMax: 3 kW, λ: 940 nm). Due
to the use of a zoom and homogeniser optic, a homogeneous intensity distribution can be
assured over the rectangular spot, which was adjusted to 20mm × 40mm. For the heat
treatment, the optic was moved by a robot system with a velocity of 10 mms−1. During
the heat treatment the material temperature was measured by means of a pyrometer, and
adjusted by a power control to a predetermined value of 450 ◦C. In addition, the time
dependent temperatures on the profile were recorded by an infrared camera.
For the validation of the laser heat treatment simulation, a layout needs to be usedwhich

resembles the later THTP. A heat treatment on the flanges of the profile can increase
the maximum bending angle and decrease the cross-section deformations by direct and
indirect influence of the appearing compressive and tensile stresses [17]. However, a
certain distance between the heat treatment zone and the forming zone is mandatory to
avoid extensive thinning in the softened zone and collapsing of the cross-section. The
movement of the laser spot with a size of 40mm × 20mm was started 30mm from
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Fig. 8 Heat treatment layout and temperature measurement (half profile length)
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Fig. 9 Measured and simulated maximum temperature on the profile surface at different positions

the centre and stopped 15mm from the end of the profile (Fig. 8). Thereby, an almost
untreated length of 20mm from the centre of the profile is created, followed by the
softened heat treatment zone. In real heat treatments, this layout is carried out with the
laser, starting in the middle of the profile and moving outwards in one X-direction, and
then from the middle of the profile in the other X-direction. This is repeated on the other
flange side of the profile. For the validation of the temperature distribution, we used the
first laser track. The temperature during laser short-term heat treatment was determined
on the profile axis and at two points (45mm and 60mm distance to the profile centre)
perpendicular to the profile axis.
Figure 9 shows the measured and simulated maximum temperature on the profile sur-

face at the different positions. Figure 9A shows that the simulated maximum temperature
on the profile surface along the profile axis agrees very well with the measured values.
Only at the beginning of the profile are slightly higher temperatures simulated. As can be
seen from Fig. 9B and C, the simulated perpendicular temperature distribution is also in
the scattering range of the pyrometer measurements during a real laser heat treatment.
Figure 10 shows the measured and simulated temperature-time curves at two different

positions on the heat-treated profile. It becomes clear that the heating path is reproduced
very well at both positions. During cooling there is a slight deviation in the temperature
profile. However, the general course of the temperature is well mapped. It has been shown
that the temperature distribution measured during a real laser short-term heat treatment
agrees very well with the simulated temperature distribution. The simulation model can
therefore be regarded as valid with regards to the temperature distribution.
Figure 11 shows the phase distribution of the four virtual phases after the heat treatment.

Themechanical properties after the short-termheat treatment are derived from this phase
distribution, and are adopted as input parameters in the forming simulation.
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Fig. 11 Distribution of the virtual phases after the short-term heat treatment

Figure 12 shows the deformation of the heat-treated profile, 20 times enlarged, as well
as exemplary the residual stresses in the z-direction after the short-term heat treatment.

Forming simulation—bending of hollow profile
An important basis for the bending simulation is the characterisation of the mechani-
cal properties of the extrusion alloy EN AW-6082. Especially the anisotropic behaviour
of the material under load in the extrusion direction (ED), diagonal direction (DD) and
transverse to the extrusion direction (TD), needs to be identified after short-term heat
treatments with various maximum temperatures. The identified yield strength and Lank-
ford coefficient values are then used to design the yield locus curves (YLC) according to
[18], and the flow curves are approximated and extrapolated with the Hockett-Sherby
formula.

Characterisation of anisotropic material behaviour

Aluminium extrusion profiles exhibit high anisotropic behaviour. Thus, load direction
dependent material parameters have to be characterised by uniaxial tensile tests in the
ED, DD and TD. However, due to the small geometrical dimensions of the semi-finished
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Fig. 12 Deformation of the heat-treated profile, 20 times enlarged, as well as the residual stresses in the
z-direction after the short-term heat treatment

Fig. 13 Comparison of conventional specimen A50 and miniaturised specimen A8*

products, which in case of the investigated aluminium profiles are only 40mm in height
and width, conventional tensile specimens with a length of 150mm can only be produced
in the ED. Due to this fact, the design of a new specimen geometry with reduced dimen-
sions is needed, considering material, manufacturing, and testing aspects. The identified
specimen has a thickness of 3mm, a measuring width of 6mm and a measuring length
of 8mm (designated as A8*). The characterisation results of the miniaturised and the
conventional specimens were compared regarding the flow curve, as well as the Lankford
coefficient and yield strength in the ED in Fig. 13.
Regarding the identified Lankford coefficient, the value for the miniaturised specimen

is slightly higher, but still in the range of the standard deviation. The accordance between
both yield strengths is even better. However, with regard to the flow curves, the minia-
turised specimens show slightly lower strain hardening than conventional specimens. For
the purpose of analysing the influence of the short-term heat treatment on the anisotropic
behaviour, miniaturised specimens were laser heat treated with a heating rate of 100 Ks−1,
a soaking time of 0.1 s in a temperature range from 200 ◦C to 450 ◦C in 50 ◦C steps, and a
cooling rate of approximately 5 Ks−1.
The identifiedLankford coefficients showonly a small dependence regarding the applied

maximum heat treatment temperature TMax (Fig. 14). However, high differences between
the different load directions exist. In the ED, the Lankford coefficient increases from
0.41±0.01 to 0.52±0.01 in the temperature range of 200 ◦C to 400 ◦C. In contrast, the
values in the DD decrease in the same temperature range from 1.90±0.01 to 1.78±0.04.
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Fig. 14 Results of tensile test characterisation with miniaturised specimens

Fig. 15 Comparison between different cooling velocities under load in ED

Also, in the TD, a decrease of the Lankford coefficient from 0.59±0.02 to 0.53±0.01
can be identified. Thus, the material under load in the DD preferably flows out of the
material plane, whereas in the ED and TD, it mainly flows out of the material thickness,
leading to earlier strain localisation and necking failure. In addition, the yield strength
also shows load direction dependent behaviour. For the initial state T4, the lowest yield
strength appears in the DD with 168 Nmm−2. In the TD a value of 186 Nmm−2 and in
the ED, the highest yield strength with 193 Nmm−2 was identified. The ratio between the
different load directions nearly persists until themaximumheat treatment temperature of
350 ◦C. For higher heat treatment temperatures, no significant difference can be detected.
Similar to the results from the thermomechanical analysis (Fig. 4), softening of thematerial
starts at 200 ◦C. However, the yield strength is slightly higher for the laser heat treated
miniaturised tensile specimens. This is mainly due to natural ageing during the transfer
time of 1 h between the heat treatment and tension test, as well as the slower cooling rate
of 5 Ks−1 instead of 10 Ks−1. Therefore, further experiments with a higher cooling rate of
10 Ks1 were conducted.
Due to thehigher cooling rate a slight overall decreaseof the yield strength in comparison

to the lower cooling rate, as well as a significant higher softening in the temperature range
of 250 ◦C to 350 ◦C was achieved (Fig. 15). Because no significant influence of the cooling
rate on the Lankford coefficients was identified, the Lankford coefficients for the three
load directions were taken from the results of 5 Ks−1.

Modelling of the anisotropic material behaviour

For modelling of the anisotropic material behaviour, an extrapolation of the flow curves
to higher strain values, as well as a yield locus model have to be used.
Flow curves
Similar to the above thermo-mechanical model, the formula according toHockett-Sherby
was used for the extrapolation of the flow curves for the T4 state i.e. 25 ◦C, 200 ◦C, 300 ◦C
and 400 ◦C, which resemble the respective phases H, I1, I2 and S (Fig. 16).
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Fig. 16 Identified Hockett-Sherby parameters and respective flow curves in ED

Fig. 17 Mechanical properties and identified YLCs according to Hill model

The parameter kf 0 was chosen according to the respective start of yielding identified in
the uniaxial tensile tests. kfs decreases with increasing heat treatment temperature TMax,
which fits the real softening of the material due to the short-term heat treatment. Param-
eter m in combination with parameter P describe the strain hardening of thematerial. For
simplification purposes, parameter P was set to a constant value of 1.0, because a sufficient
description of the strain hardening of the material can be achieved by a sole variation of
parameter m. From TMax = 25 ◦C to 400 ◦C, parameter m rises from 10.7 to 17.5,
which indicates an increase of the hardening coefficient. For a complete description of
the material behaviour besides the flow curves, the start of yielding in dependence of the
stress state defined by the so-called yield locus curve (YLC) is mandatory.
Yield locus curves
For the depiction of the stress state dependent yielding of the aluminium extrusion alloy
EN AW-6082, the yield locus model of [18] was chosen and implemented in the keyword
*MAT_ANISOTROPIC_VISCOPLASTIC in LS-Dyna. The model uses the yield strength
in the extrusion direction, as well as the Lankford coefficients in the ED, DD andTD.With
these four values the four needed Hill parameters F, G, H andN can be directly calculated.
The other two parameters L and M are set to the standard value of 1.5.
Because of the small deviations of the Lankford coefficients (LC) for the four tempera-

tures, only small differences regarding the geometry of the yield locus curves are present
(Fig. 17). Thus, for simplification purposes, an averaged value for the Lankford coeffi-
cients also seems practicable, which would result in one shape of the yield locus curve
solely scaled by the temperature dependent yield strength. However, in this case, the
individually identified LC values are used for each heat treatment temperature.

Modelling of the bending process

The bending process, in this case, is a three-point bending test (Fig. 18a). The profile
with a length of 330mm is placed on two supports with radii of 25mm and a contact
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Fig. 18 Three-point bending test rig and simulation model

point distance of 300mm. The centred punch with a radius of 192mm is moved with a
velocity 1 mms−1 for 60mm, whereby the profile is bent. For the purpose of reducing
cross-section deformations, the profile is filled with a ceramic granulate and sealed before
the bending process. After the punch has reached 60mm, it moves back to its starting
position and the elastic strains in the profile are released, which leads to springback. For
the validation of the bending simulation, a deterministic point pattern is applied to the
surface of the profile before bending. By optical measurement of the deformed pattern
with a GOM Argus system, the locally appearing strains can be identified and compared
to the numerical results.
In bending simulation similar to most sheet metal forming simulations, only the

contact areas of the tools are modelled with shell elements and rigid behaviour using
*MAT020_RIGID, which means the elastic deformation of the tools is neglected. Simi-
lar to the experimental test, the support is static and the punch is moving. The ceramic
granulate which is used as filling medium, is depicted by *MAT169, which is specifically
used to imitate the material behaviour of sands and soils [19]. The material parame-
ters used in the model are defined according to former characterisation test conducted
by [20]. The extrusion profile itself is modelled with volume elements with an edge
length of 0.5 mm, which corresponds to six elements across the thickness of the extru-
sion profile in order to be able to precisely depict the stress and strain state differences
across the material thickness as well as the resulting material flow during the bending
process [21]. As contact formulation between the profile, the filling medium and the
tools *CONTACT_AUTOMATIC_SINGLE_SURFACE_MORTAR is used, which provides
fast calculation of the contact forces and good convergence in implicit simulations. In
addition, by using the implicit calculation approach, the achievement of equilibrium dur-
ing the bending process and after the springback of the profile is assured [22]. After the
simulation of bending and springback, the quarter model can be mirrored into a full rep-
resentation of the profile, with the resulting stresses and strains and therefore is utilizable
for validation with experimental tests.

Linked heat treatment and bending simulation
Data transfer between heat treatment and bending simulation

Because up to now there is no suitable material model in LS-Dyna which allows for the
phase dependent anisotropic behaviour for volume elements, a subroutine is needed for
data transfer between the heat treatment and bending simulation. Therefore, the pro-
gramming language Matlab was used. The subroutine is divided into three steps: Output
analysis, parameter calculation, and input generation.
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Output analysis of the heat treatment simulation
The FE-result of the profile after laser heat treatment simulation is exported with all data
consisting of residual stresses and strains, aswell as the percentage phasemixture for every
volume element which was used to model the extrusion profile. This data is imported in
Matlab and elements with the same phase mixture of H, I1, I2 and S are assigned to one
material state. In the case of the investigated profile, 532 material states with different
phase mixtures were identified.

Parameter calculation
Each of the four phases is related to one flow and one yield locus curves (Fig. 16), which
are weighted according to the phase mixtures, resulting in a set of 532 flow and yield locus
curves. The calculated parameters for the yield locus model according to Hill are inserted
in keyword *MAT_ANISOTROPIC_VISCOPLASTIC. For the flow curves, stress–strain
data is written to curve files (*DEFINE_CURVE) which are referred to in the material
keyword. The FE-model of the extrusion profile is partitioned into 532 subparts, wherefore
they can be referenced to the different calculatedmaterial properties. This allows to create
a FE-model of the extrusion profile with different elasto-plastic and anisotropic behaviour
according to the state after the local short-term heat treatment.

Input generation for bending simulation
Finally, the node and element data from the output file (residual stresses, strains and
displacements resulting from the laser heat treatment) is added to the FE model of the
extrusion profile and a new input file for LS-Dyna is generated and the subroutine is
finished. For further improvement of the simulation quality, the edge length of the profile
mesh is halved from 1mm (heat treatment simulation) to 0.5 mm (bending simulation)
to get a better depiction of the stresses and strains which appear during bending of the
profile. The input filewith all results, geometric data, andmaterial parameters, is imported
into the bending simulation.
For validation, the hardness distribution of the profile after the application of the heat

treatment layout on the flanges of the profile is compared to the calculated yield strength,
which is elementwise assigned to theprofile after theusageof the subroutine.Thehardness
ismeasured in the centre of the profile and at 3mmdistance to each other in the area from
14mmto 26mm from the centre (Fig. 19). The hardness in the centre of the profile is about
82 HV5. From 14mm to 20mm no significant reduction of the hardness is identified. At
23mm, the hardness decreases to 72 HV5 and further to 62 HV5 at 26mm. The yield
strength in comparison decreases from 192 Nmm−2 in the centre to roughly 178 Nmm−2

at 20mm.After 20mm, the yield strength decreases significantly to 156Nmm−2 at 26mm.
The hardness and yield strength distribution correlate with each other, similar to the
hardness/tensile strength relation suggested by [23].

Validation of the process chain by numerical and experimental bending results

For the final validation of the numerical process chain, the results of the experimental
bending tests are compared to the numerical results of the bending simulation. Strains
appearing on the critical outer radius of the profile were identified by optical strain mea-
surement as already described. In this context, it has to be mentioned that the strains on
the edges of the profile were hard to evaluate and therefore excluded from the analysis
and depiction in Fig. 20. The comparison between numerical and experimental data shows
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Fig. 19 Hardness comparison to calculated yield stress in ED

Fig. 20 Comparison of strains appearing on the outer radius of the profile

Fig. 21 Cross-section deformations and experimental optical strain measurement results for a conventional
profile and the local short-term heat treated THTP

good accordance (Fig. 20). The numerical strain in the centre of the profile of roughly 0.11
agrees with the minimum value of the experimental scatter band. Furthermore, the simu-
lation shows good agreement regarding the increase of the maximum principal strain, up
to approximately 0.13, in the area around 30 to 50mm due to the improved material flow
in the softened zone.

Improvement of bendability by THTP

The improvement of bendability by the chosen heat treatment layout is identified by
optical strain measurements (Fig. 21). For the initial EN AW6082 T4 profile, a maximum
principal strain of roughly 0.2 was identified in the centre of the profile, which gradually
decreases to 0.09 at x = 55mm. Due to THTP on the flanges of the profile, the material
flow from the softened areas into the critical forming zone is improved and process forces
are reduced, leading to a reduction of the appeared strains. In the centre of the profile,
the maximum principal strain decreases by about 35% to 0.13. In addition, the material
flow adjacent to the heat-treated zones of the flanges is improved on the outer radius,
whereby the strains in the area of 30mm to 55mm to the centre rise. The result is a
more homogeneous strain distribution, with a reduction of the maximum strain value of
roughly 25% in comparison to the initial profile. As a consequence of the better strain
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distribution, cross-section deformations concentrated in the forming zone are reduced as
well.

Conclusion
The application of Tailor Heat Treated Profiles (THTP), i.e. local heat treatment layouts,
is feasible to enhance the forming limits of aluminium extrusion profiles in bending pro-
cesses. However, precise numerical calculations are mandatory to design purposeful heat
treatment layouts. In this investigation, a numerical process chain model was presented,
combining a thermo-mechanical laser heat treatment simulation with a mechanical tube
bending simulation. In addition, all fundamental experimental investigations are shown,
which are needed to describe the change ofmaterial properties during and after short-term
heat treatment. The following findings have been made:

– For the numerical simulation of the laser short-term heat treatment, amaterial model
was developed for the investigated alloy EN AW6082 T4. It is able, to describe the
flow curves depending on the maximum temperature, the temperature path, and the
current temperature during a short-term heat treatment.

– This material model was implemented in a laser heat treatment simulation of an
extrusion profile. As a result of the thermomechanical simulation, the resulting local
flow curves, as well as the resulting residual stresses and distortions, can be calculated
after the heat treatment.

– By targeted linking of the thermomechanical heat treatment simulation with the
subsequent forming simulation, considering anisotropic material behaviour, a con-
tinuous process chain simulation for the production of THTP was developed. The
validation of the different simulation steps was successfully carried out by system-
atically comparing simulations and experiments. The heat treatment layout for the
production of THTP and the heat treatment parameters required for this can be
optimised by means of numerical simulation.

– The linked model can be adapted to other alloys and geometries. Component tests
during the design of THT processes for new alloys and geometries can thus be signif-
icantly reduced, and costs can be saved.

– In order to expand the field of application for the material model and thus the linked
heat treatment simulation, a dependency of the cooling rate should be implemented in
thematerialmodel. Thismeans that short-termheat treatments can also be simulated
on more massive components.
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