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Abstract: Hot forming of aluminium sheets enables the forming of complex shapes with high-strength
alloys due to increased formability at elevated temperatures. A fast, uniform and accurate heating
method is required to meet the narrow solution heat treatment window from 460 to 490 °C for
AA7xxx alloys before forming. Heated plates and convection furnaces are commonly used in hot
forming, but require large equipment and can have medium to long cycle times. Induction heating,
which uses an alternating current in a coil surrounding the workpiece, could provide shorter heating
times. However, induction heating requires a part-specific coil and can exhibit significant temperature
gradients over the blank. Multi-physics electromagnetic and thermal simulation can be used as a
design tool to help achieve the target temperature uniformity. In this study, induction heating of an
irregular aluminium blank was modelled and validated with experimental data. Methods to improve
the temperature uniformity were also tested numerically.
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1. Introduction

Elevated temperature forming processes for aluminium alloys have received much
attention in the past 20 years since they can greatly increase the formability of aluminium
alloys and enable complex sheet metal components to be formed, for instance for the
automotive sector. Different temperature ranges have been considered for different pur-
poses, such as warm forming around 250 °C for AA5xxx-O inner doors [1], warm forming
around 200 °C for heat-treatable high-strength AA7xxx [2], hot forming around 500 °C for
superplastic AA5xxx alloys [3] and more recently hot-form, die-quench processes for high-
strength AA6xxx and AA7xxx that provide lightweighting opportunities in the automotive
industry [4-7].

One common requirement for these processes is that aluminium blanks, often with
large dimensions, need to be uniformly heated to the target temperature. In industrial ap-
plications, there is also a need for fast heating cycles to meet the productivity requirements.
Hot-form, die-quench processes can be used to manufacture high-strength AA7xxx-Tx with
a yield strength exceeding 500 MPa. In this process, blanks are first heated up and held at
their solution heat treatment temperature of the order of 480 °C to dissolve alloying ele-
ments and, in some case, partially recrystallize the as-rolled microstructure. Blanks are then
quickly transferred to a cold die and stamped to form and quench the component, which is
finally heat treated to achieve the target properties. One challenge for such materials is the
relatively narrow solution heat treatment window that must be achieved throughout the
blank for consistent final properties. Too low a temperature would not sufficiently dissolve
the elements, and too high a temperature could lead to local incipient melting [7].

Multiple heating methods have been implemented alone or in combinations for hot-
forming processes, including conduction-based hot plates [1,3], batch or continuous convec-
tion furnaces powered by gas or electricity [5,8], resistive heating [2,9], infrared heaters [10]
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as well as electromagnetic induction heating [6,11-15]. The latter uses a high-frequency
alternating current through a conducting coil to heat up the metal sheet through eddy
currents and the Joule effect. Some advantages of the method are fast heating times, de-
pending on the available power which can reach 100 kW and above, and that only the
blank heats up while the coil is liquid-cooled to near ambient temperature. For instance,
fast heating times can be beneficial when solutionizing some aluminium alloys to control
the precipitation and possible grain growth response [16] and can also reduce the holding
time required. On the other hand, each blank shape can require a specific coil that must
be matched with the power source for optimal efficiency. Coil design and fabrication can
therefore become time consuming for complex parts.

In the past decade, commercial simulation software such as L.S-Dyna® COMSOL®
and DEFORM have followed the development of experimental methods to model the
complex electromagnetic, thermal, fluid and mechanical interactions involved in induction
heating [17-21]. Multi-physics modelling has already been used to investigate different
longitudinal and transverse coil design strategies [14,20,22,23] and geometrical effects
such as around cutouts [14,17], with sometimes limited experimental validation of the
models. On the other hand, temperature optimization work has focused on physical trials,
using adjustments or devices such as flux concentrators to manage the electromagnetic
interactions [6,24,25].

The purpose of this work was therefore first to test and validate an electromagnetic
induction heating model using experimental trials with an irregular AA7075 aluminium
sheet, and then to numerically test possible design variations that could be efficiently
implemented to make the temperature distribution more uniform.

2. Induction Heating

Electromagnetic induction heating is governed by the interactions of electric and mag-
netic fields in the coil and workpiece, expressed by the Maxwell equations. An alternating
current flowing through a conductor generates a time-varying magnetic field around it, and
the changing magnetic field creates electrical currents, called eddy currents, in conductors.
Eddy currents then generate heat within the part through the Joule effect.

Currents are concentrated at the surface of the workpiece, a phenomenon called the
skin effect, which means that the surface of the part receives a higher specific heat input.
The penetration depth J, which refers to the depth at which the current density drops below
approximately 37% or the surface current density, is expressed as:

1/2
4
5= 1
(ﬂuourf) W

where p is the specific electrical resistivity of the workpiece, g is the magnetic permeability
of vacuum, y, is the relative permeability of the workpiece material and f is the current
frequency. Electrical properties also vary with temperature, but unlike steel, aluminium
alloys do not encounter a drastic change in relative permeability due to phase changes. As
the current density varies through the thickness, Joule heating is also concentrated close to
the surface.

In practice, the induction coil is designed to match the workpiece as well as the high-
frequency generator (in the range of kHz to MHz). To efficiently generate the oscillating
current, the generator uses a capacitor bank with a capacitance C to create a resonant
tank circuit where the charge moves back and forth. In the resonant circuit, the induction
coil is the inductance element and the inductance L value depends on the coil-enclosed
area, length, and number of turns. The power generator is therefore tuned close to the
resonant frequency:

fr=—— @)
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3. Methods
3.1. Experimental Methods

The test case investigated is a trapezoidal AA7075 aluminium alloy blank with dimen-
sions of approximately 200 x 500 mm and a thickness of 2.8 mm. For the target application,
the objective was to achieve a temperature of 480 °C as uniformly as possible over the
surface of the sheet during the holding time.

The trials used a 50 kW generator with non-contact closed-loop temperature control
and designed for a frequency of approximately 20 kHz and an internally cooled }1 inch
copper tubing coil with a nearly rectangular enclosed area cast into insulating cement.
The longitudinal field configuration was selected for uniformity and was suitable for the
relatively thick aluminium sheet used for a prototype structural automotive component.
The experimental setup is shown in Figure 1a.
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Figure 1. Experimental setup, (a) Longitudinal flux induction heating coil used in trials, (b) test blank
with thermocouples, (c¢) Example heat-up profile.

Six K-type thermocouples were installed on a blank by clamping with rivets, as
shown in Figure 1b, and temperature profiles were recorded during heating to the target
temperature. An example heat-up profile is shown in Figure 1c: in this instance the control
tuning lead to a fast heat-up and minimal overshoot of the order of 5 °C.

3.2. Induction Heating Model

A simplified model of the experimental setup was prepared on the Altair® and LS-
Dyna® (version 10.1.0) platforms with a focus on the steady-state regime, as illustrated in
Figure 2. Only the aluminium blank and copper coil were included in the model and both
were discretized as brick elements.

1
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Figure 2. Blank and coil geometries included in the model.
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LS-Dyna® uses the boundary element method for the air volume between the blank
and coil and the finite element method within the conductors. In induction heating sim-
ulations, the electromagnetic interaction typically requires the most computation time.
For this reason, the solver dedicated to induction heating applications first calculates the
electromagnetic response over a very short duration of one current period (1/f) and propa-
gates a constant heat input field to the thermal solver over a longer “macro” period [21].
To further simplify the model, the workpiece geometry was taken as a rigid body with
the final shape including its thermal expansion so that the volume of the parts did not
vary over time, allowing a single solution to the boundary element problem. Similarly,
while the solver accepts temperature-dependent electromagnetic and thermal properties
for the conductors [18], constant estimated properties were used for the blank and coil
and are summarized in Table 1. The temperature dependence of electrical and thermal
properties was not accounted for herein. The electromagnetic boundary condition was
applied in terms of a sinusoidal applied voltage difference between coil leads. The voltage
amplitude was manually and iteratively adjusted to approach the target temperature; the
relationship between voltage and maximum temperature was approximately quadratic.
The inner surface of the hollow tube was removed from the boundary element solution.

Table 1. Material properties assumptions in electromagnetic-thermal model.

Part Density Conductivity Relative Coilrielfznﬁégity Specific Heat
3 ili .
(kg/m?>) (S/m) Permeability W/m-K J/kg-K
Aluminium blank 2700 3.5 x 107 1.0 237 897
Copper coil 8960 6.0 x 107 1.0 401 385

Heat exchange between the hot blank and the surrounding environment is also a
complex problem, especially with the blank being placed on supports in a tubular channel.
In this work, boundary conditions for the blank and coil were simplified to constant,
estimated convection heat transfer coefficients and an ambient environment temperature
as summarized in Figure 2 and sensitivity of the results to the heat transfer coefficients
was assessed. Radiation heat transfer and conduction between the blank and its insulating
support (not included in the model) were omitted; radiation is generally less significant in
the temperature range in this study [21]. While a steady-state solution would be sufficient
for the holding regime, a transient solution was conducted herein.

A sensitivity study of the numerical effects was first conducted to assess the influence
of solver choices and mesh dimensions in plane and through thickness. Comparisons
were made in terms of temperature extrema on the blank. Comparisons were then made
between predicted and measured temperatures at thermocouple locations with the selected
mesh configuration. Finally, geometrical variations of the coil were prepared to reduce
the predicted spread of temperature on the blank, which would be beneficial for optimal
mechanical properties in hot-stamped high-strength 7xxx aluminium sheets.

4. Results and Discussion
4.1. Numerical Sensitivity

First, for a baseline mesh, the iterative and direct solution methods available in LS-
Dyna® were tested and compared. While the temperature solutions were consistent with
proper iterative solver tolerances, differences in memory usage and computation time (for a
single CPU) were noted as shown in Table 2. The direct solution required significantly less
time at the expense of memory usage and was selected for the remainder of the simulations
conducted on an HP workstation with Intel Xeon® E5 processors and 512 GB RAM. The
compromise between computation time and memory for specific computer configurations
could be a factor towards automated, iterative coil design for minimizing the temperature
variation in the workpiece.
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Table 2. Simulation cost for direct and iterative solvers.
Solver Solution Time Memory Usage Number of Number of
(Relative) (GB) Elements Nodes
Direct 1 104
Iterative 11.7 42 30,966 49,739

The predicted temperatures with varying mesh sizes are provided in Table 3 for a fixed
input voltage amplitude. The temperature range between the minimum and maximum
nodal values is 56 °C for the baseline mesh # 1. Temperatures decrease most significantly
and the range is reduced by 2 °C with the coarser through-thickness surface element size
in # 3 and 4, which is likely due to a less accurate discretization of the through-thickness
current gradient associated with the skin effect. For comparison, the skin depth & for
aluminium at the experimental frequency is approximately 0.6 mm based on Equation (1).
A biased mesh with thinner elements at the surface is therefore preferred. Coarser in-plane
blank elements reduced the temperature slightly whereas a coarser coil mesh increased it,
but the differences were less than 2% and mesh type # 1 was retained for the following
analyses. Further refinement may, however, be required in the presence of cutouts where
edge effects could be important [14,20].

Table 3. Mesh configurations and predicted temperatures.

Blank Coil Solution Temperature (°C)
Mesh # In-Plane #of Elem. on  Straight Section # on 180° Time (min) Min Max
(mm) Thickness (mm) Bends

1 7 8, biased 14 5 112 424 480

2 7 8, biased 20 3 80 432 489

3 7 5, uniform 14 5 104 411 465

4 7, irregular 5, uniform 14 5 106 411 465

5 12 8, biased 14 5 94 417 473

4.2. Comparison to Experiments

Using mesh type # 1 in Table 3, the predicted temperature profiles at the thermocouple
locations are shown in Figure 3. Due to the relatively large coil height, narrow pitch and
high thermal conductivity of the aluminium workpiece, no significant temperature gradient
was predicted between the turns. The model correctly predicted higher temperature at the
longitudinal centre, but there were discrepancies for some of the end points as summarized
in Table 4. The significant difference in ramp-up rate and shape is due to the closed-loop
control in the experiments, while simulations used a constant heating power leading to an
asymptotic approach to a steady state where energy input from inductive heating balanced
heat losses to the environment. Simulating closed-loop power control would however
increase the computational cost due to additional electromagnetic solution increments and
was not attempted in this study.

Considering that the coil was just long enough to match the thermally expanded
blank length, one possible explanation could be that the blank was not perfectly centered
along the y (length) axis within the coil in the experiments. Table 4 shows the predicted
temperatures assuming that the blank was offset 5 mm towards the narrow end. The
temperature dropped significantly at the narrow end (# 1 and 4) beyond the coil footprint,
which highlights the importance of repeatable positioning.

The hypothesis above cannot fully explain the temperature discrepancy between
the simulations and the experimental data shown in Figure 2. Given the challenge of
accurately forming a copper coil, small local geometrical variations (see Section 4.3) could
have played a role, especially at measurement locations # 3 and 4 that did not correlate
well. Nevertheless, the model can provide a good indication of the temperature variations
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and can be used at least in a qualitative sense to optimize the coil design for improved
temperature uniformity.
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Figure 3. Predicted temperature with the “reference” model, mesh type # 1, (a) near-stable field, 1-6
(see Figure 1b), (b) heat-up profile over time at experimental thermocouple locations.

Table 4. Calculated and measured temperatures in steady-state regime.

Location Experimental (°C) Refe.rence () Blank Shifted (°C)
Figure 3
1 425 432 [+7] 418 [—6]
2 466 480 [+13] 478 [+12]
3 459 432 [-27] 443 [—16]
4 419 449 [+30] 440 [+20]
5 477 477 [-1] 478 [+1]
6 440 441 [+1] 450 [+10]
Range 58 48 60

Simulations have also shown that lower heat transfer coefficients between the blank
and the environment tend to decrease the temperature gradient in the sheet, as summarized
in Table 5. Conversely, underestimated convection coefficients would translate to too
small a temperature difference; contact conduction losses to the supports could have a
similar effect. In practice, minimizing convection losses would be beneficial to temperature
uniformity, in addition to reducing the power requirement during holding.

Table 5. Calculated inductance and temperatures for different model configurations.

. . . . Calculated Temperature (°C) Applied Voltage

Simulation Configuration Inductance (H) Min P Max Range 151}1)1p1i tude (‘%
Reference (Figure 3) 2.17 x 1075 424 480 56 960
Low convection 217 x 107° 454 480 26 598
Variable height 2.72 x 107° 444 480 36 1215
Variable pitch, three sections 217 x 107° 451 480 29 974
Variable pitch, by turn 2.16 x 107° 463 480 17 977

4.3. Coil Modifications for Temperature Uniformity

The temperature gradients predicted in the previous section would lead to less-than-
optimal properties in some regions of an AA7075 part after forming and heat treatment,
especially close to the ends. There is therefore an interest in modifying a coil design to
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Temperature [°C]

reduce the gap between the highest and lowest temperatures. Three variations illustrated
in Figure 4 were tested numerically while keeping the same number of turns. Results in
terms of inductance, temperature range and applied voltage are presented in Table 5.

480

c

d

Figure 4. Calculated steady-state temperature distributions for (a) uniform coil, (b) variable height
coil, (c) three-section variable pitch coil and (d) turn-by-turn variable pitch coil.

Varying the height of the turns can be used to control the relative heating efficiency
(Figure 4b). By increasing the height and coupling distance at the centre, the energy transfer
was reduced locally [12]. This increased the required voltage for the same maximum
temperature and significantly increased the coil inductance, which could fall outside the
generator’s optimal range. Reducing the height would have been another option, but
clearances were required to handle the sheet [6].

In practice, altering the coil pitch is more practical for fast modifications, especially in
final experimental adjustments, since the copper tube length remains essentially the same.
In addition, the inductance varies much less while achieving the same improvement in
temperature uniformity. Incremental improvements can be gained by adjusting each turn
spacing individually (Figure 4d) compared to a three-zone design (Figure 4c); this was
conducted in this work by manually shifting the mesh with relative displacements between
turns of the order of 1 mm. While manual iterations already showed notable reduction of
the predicted temperature range, morphing automation and optimization algorithms could
be used to automatically generate a favourable coil design.

5. Conclusions

In this work, the electromagnetic—thermal coupled solvers of the commercial solver
LS-Dyna® were used to build and validate an induction heating model for aluminium
alloy sheets towards hot stamping applications. While discrepancies remained compared
to some of the experimental results, modelling can provide guidance when designing a
new coil. Firstly, calculated inductances can be used as an initial guideline for matching the
generator frequency by adjusting the number of turns, for instance by comparison with
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prior successful coils. Secondly, strategies can be tested to improve the temperature unifor-
mity [22]. Further development could also lead to validation of the power requirement for
new parts with existing generators, which was not addressed in this work.

Some numerical and experimental challenges remain. The modelling of thermal losses
could be improved, through further experimental measurements or fluid flow simulation,
to improve the reliability of the predicted temperature gradient since this was shown to
be a factor. In practice, building a hand-made, meter-long tubing coil with guide jigs to
millimetre accuracy can be a challenge, which could result in local temperature changes
that can only be measured with non-local measurements such as with an infrared camera.
Simulation and experimental work is also underway to test induction heating of a complex-
shape aluminium alloy blank.

Induction heating is an attractive tool in the laboratory to rapidly change heating
parameters in tensile or forming test series, as there is no thermal inertia in the system.
On the other hand, it may be difficult to achieve production cycle times without a num-
ber of parallel induction heating systems, which could become expensive compared to
conventional furnaces.

While the objective remains to minimize the temperature gradient for optimal prop-
erties after aging in aluminium hot stamping, the calculated temperature field could be
used as an input in forming simulations in instances where some temperature gradients
remain, since formability is dependent upon temperature [26]. As developed for boron
steel hot stamping in part due to heating efficiency loss beyond the Curie temperature [14],
a sequence of induction and furnace heating [6] could be implemented for fast heating
times and temperature uniformity for very complex blank shapes that would require
correspondingly complex induction heating coils.
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