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Abstract

In the field of mobility, increased safety and emission requirements lead to steadily rising demands on materials used and
their performance. Over the last decades, 5000 and 6000 series aluminum alloys have become more and more attractive as
lightweight material due to their beneficial weight to strength ratio. The 7000 series offers extended lightweight potential due
to its high strength. Until now, this class of alloys has not been widely used in mass production due to its limited corrosion
resistance and poor forming behavior. By using so-called Tailor Heat Treated Blanks, it is possible to set increased forming
limits of previously locally heat treated components. The reason for the enhanced formability is the local softening, with the
resulting improved material flow and the reduced critical forming stresses of the sheet metal before the forming operation.
Despite these advantages, the use of previously heat treated materials has been very limited so far. For example, the distor-
tion that occurs during local heat treatment reduces geometrical accuracy and thus automated handling. Therefore, the focus
of this thesis is the investigation of tailored heat treatment strategies, permitting a distortion-reduced local short-term heat
treatment. For this purpose, the distortion behavior is represented and quantified both numerically and experimentally. The

generated knowledge is then transferred to a large volume component and characterized.
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1 Introduction

In recent years, the mobility sector has changed significantly
and is undergoing a continuous transformation. For example,
social and ecological aspects are getting more into the focus
of the automotive industry and require therefore adapted
technical solution concepts. In addition to the use of alter-
native driving concepts free of internal combustion engines,
active and passive passenger safety as well as increased
recycling and environmental protection are also becoming
more important. One opportunity to satisfy these require-
ments and fulfill the mentioned demands is the reduction of
vehicle weight while preserving the necessary comfort and
safety needs. New materials and adapted forming methods
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offer promising possibilities to realize these demands. The
use of high-strength aluminum alloys provides the chance to
replace crash-relevant steel components by light aluminum
components and thereby significantly reduce the vehicle
weight. Currently, the use of these materials in automotive
engineering is still limited due to the limited forming poten-
tial. By using blanks with tailored properties, it is possible
to adjust both the formability as well as the final product
parameters. With the help of so-called Tailored Heat Treated
Blanks (THTB), the mechanical properties of blanks [1] as
well as profiles [2] can be modified by local heat treatment.
This allows a selective adjustment of the forming behavior.
The most relevant factor, therefore, is the strength distri-
bution of the used blanks. In the forming zones, low flow
stresses are aimed to minimize the necessary forming forces
for plastification of the material. Hofmann showed that the
critical areas of the blank where force is applied and deep
drawing is critical, high strength must be set in order to
avoid material failure [3]. The combination of softened and
non-softened areas reduce the forming forces and increase
the formability as well. Investigations of Geiger et al. dem-
onstrate that the local heat treatment of aluminum blanks can
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improve the drawing depth of complex-shaped components
by up to 86% [4].

For the local heat treatment of blanks, different ways of
heating exist. The most common methods are heating by
induction, heat conduction by using heated contact plates
and laser irradiation [5]. Because of the low setup and
adjustment effort as well as the localized heating, using
lasers for heating has proven to be advantageous, especially
for prototype treatment and small series [6]. In order to
ensure only a local heat treatment of the components and
prevent uncontrolled heating of components by heat flow in
unwanted zones, Vogt demonstrated that the shortest pos-
sible heating time should be selected [5]. During the local
heat treatment of sheets by laser irradiation, thermal stresses
occur. These stresses cause plastic deformations wich are
responsible for the component distortion [7]. Kahrimanidis
et al. proved that this effect can be avoided by using alter-
native heat treatment strategies such as inductive heating
and conductive plate heating and by using suitable clamping
devices during the heat treatment and cooling period [8].
Because during laser heat treatment the component is heated
optically, clamping of the sheets is not possible.

1.1 Influence of heat treatment on the geometrical
accuracy

In the past, several studies on laser-assisted sheet metal
forming have been carried out to characterize and quantify
the occurring mechanism. Vollertsen showed that laser beam
heating can be used to form components in a targeted area
and explains the mechanisms and influences on the result-
ing geometric component changes [7]. In general, it can be

assumed that reversible elastic shape changes occur during
laser beam heating as long as the irradiation temperature is
below the limit temperature T. As soon as the material-
specific limit temperature is exceeded and there is no longer
a purely elastic deformation, irreversible plastic deforma-
tion occurs as well. The limit temperature T necessary to
achieve a plastic deformation depends on the correlation of
thermal strain and the mechanical material properties [9].
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The most common dimensional changes can be explained
by four thermal mechanisms. On the one hand, the mecha-
nisms are caused by a temperature gradient in the direction
of sheet thickness and are divided into the temperature gra-
dient mechanism (TGM) and the residual stress relaxation
mechanism (RSRM) [10]. On the other hand, there is the
buckling mechanism (BM) and the upsetting mechanism
(UM), which are characterized by homogeneous heating over
the entire material cross-section. The residual stress relaxa-
tion mechanism (RSRM) is regarding the thermal deforma-
tion principle similar to the TGM, but for localized energy
input and no linear energy input. The irradiation strategies
used have an influence on the occurring temperature gradi-
ent and thus on the geometrical changes of the sheet mate-
rial. During continuous irradiation, the temperature gradi-
ent mechanism, the buckling mechanism and the upsetting
mechanism can occur [11]. For spotwise component heat
treatment, the residual stress relaxation mechanism, as well
as the temperature gradient mechanism, can appear [7]. In
Fig. 1 the different distortion mechanisms and their thermal
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Fig. 1 Overview of the most important distortion mechanisms and their mathematical description [13]
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and geometrical characteristics, as well as the numeric cor-
relation of different influencing variables on the resultant
angle of bend ay [rad], are illustrated. These are depend-
ent from oy, = coefficient of thermal expansion [10-6/K],
p=mass density [kg/m’], ¢, =specific heat capacity [J/kg K],
v=velocity [m/s], s,=sheet thickness [m], A =absorption
coefficient, P, =laser power [W], b=breadth of bending
angle [m], Apl =absorbed power [W], v,=traverse velocity
of extrusion relative to laser beam [m/s], d,=laser beam
diameter [m], k{(T,) =flow stress at temperature T, [MPa],
o, =surface tension [MPa] and E(T,) =elastic modulus at
temperature T, [GPa] [7, 9, 12]. Because the resulting dis-
tortion angle depends on the applied laser power P, and the
laser velocity v, the duration of irradiation t [s] also influ-
ences the distortion angle.

In this study, the identification of different irradiation
strategies for short-term heat treatment of high-strength alu-
minum alloys with minimum distortion is aimed. For this
purpose, the temperature-dependent material properties of
the alloy AA7075 is first examined in Sect. 2. In Sect. 3 the
distortion behavior of the material as a function of differ-
ent irradiation strategies is experimentally and numerically
investigated. Subsequently, two different irradiation strate-
gies are transferred to large-volume components in Sect. 4
and the occurring forming properties are examined. Finally,
a conclusion is given in Sect. 5.

2 Analysis of the temperature dependent
material properties

To be able to reproduce the temperature- and time-depend-
ent material behavior of the aluminum alloy AA7075, the
material properties are characterized in advance. For this
purpose isothermal tensile tests, hardness measurements and
the coefficient of thermal expansion are determined.

2.1 Mechanical properties of AA7075
after short-time heat treatment

The used material is the commercially available high
strength aluminum alloy AA7075 in the initial condition
T6. In order to determine the necessary material tem-
peratures for a sufficient softening and thereby a specific
adjustment of the material properties using local laser heat
treatment, the material behavior of the alloy AA7075 after
previous short-term laser heat treatment is investigated.
For this purpose, the material is heated up to different
maximum temperatures by using a diode laser type LDM
3000-100 and subsequently characterized through uniaxial
tensile tests according to DIN EN ISO 6892-1. In Fig. 2,
the material properties of the alloy AA7075 as a function
of different heat treatment temperatures are shown. It can
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Fig.3 Hardness distribution of AA7075 after short-time heat treat-
ment of max. 400 °C

be observed that the material exhibits lower tensile and
yield stress with increasing heat treatment temperature.
Besides, it can be seen that uniform elongation increases
at a heat treatment temperature of 400 °C. For this reason,
a heating temperature of 400 °C is selected for subsequent
laser heat treatments operations.

To identify the time-dependent material properties of
the alloy after short laser heat treatment with a maximum
temperature of 400 °C, subsequent hardness measurements
revealed to DIN 6506-1 were performed at defined time
steps. In Fig. 3 the time-dependent, as well as the initial
hardness distribution, is illustrated. It can be seen, that
15 min after the heat treatment the hardness is approxi-
mately 72.3 HB. The results show, that after a storage
duration of 10 h at room temperature the hardness begins
to increase. After 10 days the hardness reaches 108.2 HB.
The reason for this is aging at room temperature. There-
fore, the maximum storage time for components heat
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treated at 400 °C is 10 h before the softened areas solidify
again.

2.2 Temperature-dependent material properties
of AA7075

To identify the temperature-dependent material properties
during the laser heat treatment, hot tensile tests were carried
out by using the thermomechanical simulator type Gleeble
3500 according to DIN EN ISO 6892-2. The resulting flow
curves as well as the temperature-dependent young’s modu-
lus are shown in Fig. 4 and are used for the simulations
carried out in Sect. 3. The experimentally determined flow
curves were approximated and extrapolated by using the law
of Hocket-Sherby.

It can be seen that with increasing temperature, the mate-
rial shows an enhanced ductile behavior. Despite this, the
limiting temperature T remains approximately comparable
with increasing temperature, since the yield strength and
the E-modulus are both decreasing (see formula 1). Using
the determined material properties in the temperature range
between room temperature and 400 °C, it can be seen that
the limit temperature for the aluminum alloy AA7075 is
Tg=342°C+26.5.

The coefficient of thermal expansion of the alloy AA7075
was determined 0° and 90° to the rolling direction in a tem-
perature range between RT and 400 °C using the optical
CCD micrometer in combination with the thermomechanical
simulator type Gleeble 3500. Figure 5 shows the coefficient
of thermal expansion. It can be seen that alloy AA7075 has
a thermal expansion coefficient of o, oo = 2.494*107 1/K
in the rolling direction. Perpendicular to the rolling direc-
tion, it is oy, gp- =2.374*107 1/K. The reason for the slightly
increased coefficient of expansion in the rolling direction
may be the elongation of the grains during the cold rolling
process.
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Fig.5 Coefficient of thermal expansion for two rolling directions

3 Numerical and experimental distortion
behavior

3.1 Laser heat treatment

In order to identify the distortion behavior as a function
of different irradiation strategies, experimental as well as
numerical irradiation operations with different irradiation
strategies have been performed. The experimental tests are
carried out using a diode laser of type Laserline LDM 3000-
100. For precise temperature control, a pyrometer is used to
monitor and regulate the sheet temperature on the surface of
the sheet facing the laser beam at the center of the laser spot
with a scanning frequency of 50 Hz. To verify the measured
temperature, the heat distribution onto the aluminum sheets
is measured additionally with the help of a FLIR SC7600
thermal camera. For the laser heat treatment and the subse-
quent distortion characterization, blanks were first locally
heat treated as shown in Fig. 6 (left) and then optically
measured (Fig. 6 right). The samples were measured with
a GOM-ATOS system and then virtual measuring planes
were inserted into the digitized components. This allows the
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measurement of three distortion angles at different positions
for each specimen.

With the help of the temperature-dependent material
parameters determined in Sect. 2 (o, P, So. Kp, E) and the
extracted process parameters of the laser tests, the local
heat treatment was simulated numerically with the software
LS-Dyna. Reason for choosing the LS-Dyna software is
the possibility of adjusting almost all parameters. For this
purpose, the previously determined temperature-dependent
flow curves (see Fig. 4), the average thermal expansion
coefficient (see Fig. 5), and the output curves of the diode
laser determined for the respective test parameters (v, A, d,)
were used. The keyword FLUX_TRAJECTORY has been
used to describe the thermal energy input. The element size
of the used elements was set to 1 mm? and a thickness of
0.2 mm. To represent the thermal stresses, an implicit ther-
momechanically coupled solver was used to calculate the
simulations. For a process-oriented simulation of the laser
experiments, the laser power (P;) outputs controlled by the
pyrometer were derived and transferred to the simulation
LS-Dyna. Because the material was not characterized con-
cerning the residual stresses, it was not possible to take these
into account for the numerical model. To ensure unrestricted

linear irradiation

graphite

— reference
™ distorted plate

distortion angle

thermal distortion of the simulated components, adapted
bearing conditions were selected for the irradiation of the
specimens.

3.2 Distortion behavior

To show the influence of different irradiation strategies
and the accuracy of numerical irradiation on the resulting
component distortion, both continuous and spotwise irra-
diation strategies were used. In previous investigations, it
was already shown that the component distortion changes
with varying irradiation temperatures [14]. For this reason,
the experiments were conducted at a constant tempera-
ture 400 °C. It is necessary to take into account that the
residual stresses existing in the sheet material are not taken
into account in the simulation when evaluating the results.
First, the influence of different process parameters such as
varying laser spot size (d) as well as different laser spot
velocities (v) on the geometric component distortion was
investigated. Figure 7 shows the numerical and experimen-
tal results of different linear irradiation strategies on the
left and the results of spotwise heat treatment strategies on
the right. The distortion angles shown have been measured

spotwise irradiation
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Fig.7 Numerical and experimental distortion behavior of linear and spotwise irradiation
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on three reference planes each of the real and virtual com-
ponents (see Sect. 3.1). In addition, five components each
were experimentally heat treated and measured to provide
statistical assurance. The results of the linear irradiation
strategies show that the resulting component distortion can
be reproduced both numerically and experimentally with
a high correlation. It can be seen that an increasing laser
spot size results in an increasing distortion angle (o).
This behavior is caused by the increased energy input as
well as the larger impact area. Besides, it is also evident
that both numerically and experimentally a negative com-
ponent distortion occurs as soon as a traverse speed (v) of
5 mm/s is set in combination with a laser spot geometry
(d)) of 10x 10 mm?. The reason for the negative distortion
behavior is the superposition of buckling mechanisms as
well as the dissolution of residual stresses of the material.
This is because with decreasing irradiation speed (v) and
due to the high specific heat capacity (c,) of the material,
a larger area is heated evenly and distortion mechanisms
caused by temperature gradients have only a low influence.

Furthermore, the distortion behavior of spotwise heat
treated components was simulated for different heat treat-
ment durations and different irradiation strategies. The
results of spotwise heat treatment show lower distor-
tion angles compared to linear irradiation. In addition, a
partially higher deviation between the experimental and
numerical results can be seen in comparison. One rea-
son for the high deviation may also be the unconsidered
residual stress relaxation, which depends on previously
applied deformations. For successive irradiated compo-
nents, the variation of the heating time does not show a
clear tendency concerning the bending angle (ay), both
numerically and experimentally. In comparison, oscil-
lating irradiation of the components both experimentally
and numerically again shows a significant reduction of
the resulting bending angle (az) by more than 58%. One
reason for the lower distortion angle may be the locally
reduced energy input over time.

In summary, it can be seen that the distortion behavior
and different distortion mechanisms of locally laser heat
treated aluminum sheets can be reproduced numerically.

Table 1 Irradiation parameters for big components

Currently, only linear irradiation strategies can be numeri-
cally simulated with high accuracy.

4 Transfer of iraditaion strategies on a deep
drawing geometry and evaluation

The numerical and experimental laser heat treatment of the
specimen geometry of Sect. 3 was carried out only on small
component geometries (component surface =4050.0 mm?)
as well as locally limited heating areas. For this purpose,
two heating strategies were transferred to larger compo-
nents (component surface=31,415.9 mmz). The geom-
etries selected for this purpose are flat, rotationally sym-
metrical components with and without cutouts, which
are used in sheet metal forming to determine the forming
limit curve (FLC) on a laboratory scale in accordance to
DIN EN ISO 12004-2 (Nakajima test). Since these investi-
gations are focused on the influence of different irradiation
strategies on the occurring component distortion as well aw
the forming behavior and not on the characterization of the
mechanical material properties in terms of elongation in per-
cent at maximum force, only three of the specimens geom-
etries were used for the experimental tests. For this purpose,
the geometry for uniaxial tension (S50), plane strain (S100),
and stretch (5245) have been selected.

The large-volume components were initially laser heat
treated with the equipment described in Sect. 3.1. In order to
ensure comparability to the results of Sect. 3.2, an oscillating
spotwise and a linear heat treatment strategy was selected
and applied to the component geometry. Table 1 shows the
process parameters and the resulting total process times. It
can be seen that linear irradiation takes only 5.5-6.8% of
the heat treatment time compared to spotwise heating. The
reason for this is, on the one hand, the larger laser spot size
of 30 x 30mm? and, on the other hand, the continuous laser
spot velocity of 10 mm/s. In addition, it has to be taken into
mind that in the case of oscillating spotwise irradiation, the
laser has to be switched on and off between each heat treat-
ment position. This significantly increases the total irradia-
tion time for spotwise irradiation.

Spotsize (mmy,) Velocity of laserspoit (nun/s)/ Temperatur ~ Resulting process time (s) Number inadiation
duration of inadiation (s) e (°C) paths/inadiation
spots

Linear inadiation 30 x 30 10 nun/s 400 S50=63s 5 Paths
S100="72s 6 Paths
$245 =90 s 6 Paths

Spotwise inadiation 5%5 ls 400 S50=922s 546 Spots
S100=1229 s 688 Spots
S245 =1641s 856 Spots
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4.1 Temperature distribution of different radiation
strategies

To determine the influence of different irradiation strategies
on the resulting temperature of the specimen surface, the
FLIR SC7600 was used to record the temperature distribu-
tions onto the specimen surface at a recording frequency
of 10 Hz. To obtain a comparable measure from the ther-
mal video afterward, an evaluation tool developed for this
purpose was used to compress the video into a figure that
illustrates the maximum temperature for each measur-
ing position over the whole heat treatment operation and
combines them into a maximum temperature distribution
image. Figure 8 shows the temperature distributions of the
different geometries using linear and spot wise irradiation
strategies. Since the Nakajima specimens are deformed and
characterized only in the center, only this zone was locally
laser heat treated. It can be seen in Fig. 8 that a more homo-
geneous temperature distribution is achieved with the spot-
wise irradiation compared to the linear irradiation strategy.
However, the aimed temperature of 400 °C is not reached
with the spotwise irradiation. The reason for this is the high
thermal conductivity of the material and the localized heat-
ing of the components. Besides, the evaluation shows that a
cross-shaped pattern with insufficiently heated zones with a
minimum temperature of 322 °C is recognizable at the heat
treated specimens. Studies have already shown in the past
that multiple irradiations of the same component area cause
an increase in distortion angle [15], so no overlapping of the
irradiation points was used to achieve a more homogeneous
temperature distribution of the samples.

For linearly treated components, the maximum tempera-
ture of up to 456 °C indicates a significant temperature rise.

The reason for this is the temperature regulation with the
help of the pyrometer. Since the pyrometer only records the
temperature distribution in a circular area of 5 mm? and the
laser spot size is 30 x 30mm?, a overheating of the compo-
nent is evident due to the delayed component heating behind
the pyrometer.

4.2 Geometrical accuracy of the heat treated
component

The heat treated parts were measured by using an optical
measuring system type GOM-ATOS. Since it is not possible
to measure the angles of the rotation-symmetrical compo-
nents as in Sect. 3.2, the geometric deviation was determined
by comparing the surfaces (height differences) with the ref-
erence components. In Fig. 9, the results of the geometrical
difference measurement are visualized and the average and
maximum geometrical deviations of the differently irradi-
ated components are shown with the aid of frequency height
deviations.

The geometric deviation for the spotwise irradiation
strategy is significantly lower than for the linear irradiation
strategy. One possible reason for this behavior may be the
energy input distributed over a longer period. Additionally,
as explained in Fig. 1, many of the distortion effects that
occur are velocity-dependent. However, in the case of spot-
wise irradiation, the velocity of the laser spot is negligible.
Besides, a small laser spot size was selected for point irra-
diation, which also has a positive effect on the distortion
behavior of laser heat treated components. Taking a closer
look at the surface comparisons, it is noticeable that in the
case of spotwise irradiation, an area-related distortion is
distributed over the entire component surface. With linear

spotwise heat treatment

(INEF3025¢

linear heat treatment

Fig.8 Maximum temperature distribution at different radiation strategies
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Fig.9 Distortion behavior of large volume components

irradiation, in contrast, the height deviations are partially
very unsteady. One possible reason for this distortion behav-
ior of the spotwise heat treated components is the reduction
of residual stresses (residual stress relaxation, see Sect. 1.1).

4.3 Influence of the irradiation strategy
on the failure behavior

To investigate the influence of the different irradiation strat-
egies on the forming and failure behavior, the heat treated
and optically measured components were characterized
within a maximum duration of 5 h to avoid aging in ambi-
ent conditions (see Sect. 2.1). During the Nakajima test, the
component is stretched and an optical measurement system
type Aramis is used to record the resulting strain distribu-
tion in the area of crack [16]. Subsequently, it is possible
to calculate the major and minor strain as a function of the
respective component geometry. In Fig. 10, the results of the
strain measurement are illustrated. It can be seen clearly that
the spotwise heat treated specimens shows the lowest strains.
The linear irradiated sample also reveals lower strains than
the material in its initial state but a significantly higher strain
distribution than the spotwise heat treated components. A
reason for this behavior is the uneven temperature distribu-
tion on the component surface for the selective heat treated
components (see Sect. 4.1). The optical strain distribution on
the Nakajima specimens tested also revealed a heterogene-
ous strain distribution on the spotwise heat treated specimen
surfaces.

With the help of the determined machine data, the maxi-
mum necessary punch forces and the resulting maximum
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dome heights have been determined as shown in Fig. 11.
Regarding the maximum dome height, different behavior
can be seen for the varying types of loads of the specimens
depending on the respective irradiation strategy. The spot-
wise heat treated specimens achieve equally high drawing
depths for the plane strain as well as in the tensile strain
load. However, the maximum draw depth for the biaxial
stress (20.4 mm) is over 17% reduced compared to the initial
T6 condition (24.7 mm). One reason for the smaller drawing
depth may be the cross-shaped cold zones of the specimens
resulting from the spotwise heat treatment. In these areas,
the specimen has not received the necessary temperature to
soften the material sufficiently (described in Sect. 4.1). As
a result, this pattern has the effect of initiating cracks due to
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Fig. 11 Maximal punch force and dome height for the FLC

the limited forming behavior in these areas. For this reason,
the maximum punch forces of the spotwise specimens are
also lower than for the initial state. For the linearly irradiated
components, higher maximum dome heights and lower max-
imum punch forces are evident for all load conditions. Thus,
a sufficient softening of the test material can be assumed for
the linear irradiation strategy.

5 Conclusion

Regarding the experimental and numerical results as well
as the performed characterization tests, the following con-
clusions can be given for the laser-assisted short-time heat
treatment:

e The linear irradiation strategy enables faster component
heating than spotwise heat treatment. However, the linear
strategy results in higher distortion than the localized
method.

e A significant reduction of the distortion is ensured by
using spotwise irradiation strategies for heat treatment.

e Selective irradiation leads to lower maximum tempera-
tures compared to linear irradiation. Consequently, cross-
shaped component areas that are not sufficiently heated
occur.

e Forming tests show that local heat treatment causes a
reduction in the necessary maximum punch forces.
However, increased drawing depths are only achieved
with the linear irradiation strategy. The reason for this in
case of spotwise irradiation are the insufficiently heated
component areas, which have a crack-initiating effect as
discussed in Sect. 4.1 and 4.3.

In future investigations, the simulation of residual stresses
introduced into the material in advance will be taken into
account. In this way, increased accuracy of numerical and

experimental irradiation processes is expected. Furthermore,
the adaption of spotwise heat treatment strategies is required
to achieve better formability.
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