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Abstract.The automotive industry is undergoing significant changes driven by factors such as reducing carbon
dioxide emissions, advancing technology, evolving regulations, and the emergence of new energy sources.
Lightweight materials, particularly aluminum alloys, are being extensively researched and integrated into
vehicles to reduce weight and improve performance. However, the heating process during vehicle production can
cause thermal buckling in thin aluminum alloy structures, affecting their appearance and quality.While thermal
buckling has been studied in other industries, research in the automotive sector, particularly for non-structural
parts like car roofs, is limited. This study uses numerical simulation to predict thermal buckling and post-
buckling behavior of a EN AW 6016-T4 alloy car roof assembled in a predominantly steel body-in-white. The
research findings indicate that roof buckling occurs at a relatively low temperature difference of approximately
60 °C, which is lower than the maximum temperatures experienced during the painting phases in the automotive
industry. Consequently, undulations in the roof’s shape become apparent, underscoring the importance of design
modifications to ensure visual conformity. Validation through physical testing confirms the model’s accuracy,
providing valuable insights for designing lightweight structures with improved performance and aesthetics.

Keywords: Automotive industry / aluminum alloy / EN AW 6016-T4 / numerical simulation /
thermal buckling
1 Introduction

In the present era, the automotive industry is driven by
several factors including the global demand for reduced
carbon dioxide emissions, the progress of technology under
the concept of Industry 4.0, the evolving international
regulations, and the emergence of new energy sources [1–4].
These factors are encouraging extensive research and
development within the industry to integrate lightweight
materials into future vehicles. As a result, vehicles are
increasingly composed of a diverse range of materials,
strategically applied to minimize unnecessary weight in
specific areas of the cars. In this context, aluminum alloys
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have gained significant prominence in the transportation
industry due to their light weight, durability, recyclability,
ductility, corrosion resistance, and strength properties [5,6].

Notwithstanding its potential as a viable approach to
minimize the weight of automobiles, the implementation of
thin aluminum structures withinmulti-material assemblies
encounters obstacles, specifically pertaining to the heating
procedure of the body-in-white throughout the painting
stage. This phase involves subjecting the structure to
temperatures around 180 °C for durations of several
minutes. Such significant temperature fluctuations during
vehicle fabrication can lead to the buckling of body-in-
white structures. Consequently, this thermal buckling can
result in the formation of defects that directly impact the
product’s shape and appearance. In response to the rapid
technological developments and changes, extensive theo-
retical analyses and experimental investigations have been
conducted to address thermal buckling issues. Researchers
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Table 1. Chemical composition of EN AW 6016-T4 studied (wt.%).

Si Fe Cu Mn Mg Cr Zn Ti Al

0.92 0.19 0.09 0.07 0.41 0.01 0.00 0.031 Balance
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have frequently studied thermal buckling analysis of
functionally graded plates [7–10], as well as thermal
buckling in structures composed of composite materials
[11,12], among other related works. Moreover, in various
industrial sectors such as pipeline industry [13,14],
aerospace engineering [15,16], oil refineries [17,18], and
nuclear engineering [19], the buckling of thin plates caused
by thermal loads has garnered significant attention in the
design and analysis of engineering structures.

However, thermal buckling research in the automotive
industry remains relatively uncommon. Existing studies
primarily focus on analyzing structural components such as
brake discs and rotors [20–21]. However, during the vehicle
manufacturing process, non-structural parts with signifi-
cant visual impact, such as the aluminum alloy car roof, can
experience significant compliance issues due to their
thinness and large heat exchange surface area. As a result,
the mechanical response of the roof can vary depending on
the heating process and structural design until the
completion of the production line. Considering the
significant cost and complexity associated with conducting
multiple full-scale tests on a body-in-white, this research
aims at developing a numerical simulation based on the
Finite Element Method to highlight the importance of
considering and predicting the thermal buckling and post-
buckling behavior of a car roof made of aluminum alloy
(specifically, the EN AW 6016-T4 alloy) when assembled
within a predominantly steel body-in-white.

2 Material: EN AW 6016-T4

Due to safety, design, and assembly considerations, the
body-in-white is composed of various materials, with the
majority being different types of steel. In most part of the
cases, the melting point of steel exceed 1000 °C, which is
significantly higher than the maximum temperature
reached during automotive painting operations (around
180 °C). Consequently, the mechanical properties of steel
will hardly ever demonstrate significant variations within
the studied temperature range. However, the same
assertion cannot be applied to aluminum alloys, as their
melting temperature is approximately 600 °C [22].

The specific component under investigation is the car
roof, which will be subjected to testing using the aluminum
alloy EN AW 6016-T4, whose chemical composition is
presented in Table 1. The EN AW 6016-T4 alloy used in
this study was provided by the company Constellium and
underwent a natural ageing period of 3 months. Its
nomenclature follows the standards established by the
Comité Européen de Normalisation (CEN). This nomen-
clature indicates that the prefix “EN AW” designates a
wrought aluminum alloy [23], and it further implies that
the material underwent a heat treatment prior to its arrival
at the laboratory for testing: the T4 heat treatment.
The chemical composition of EN AW 6016-T4 renders
the material prone to undergo hardening processes
characterized by alterations in its microstructure, influ-
enced by both the natural ageing time and the thermal
cycles to which the material is exposed [24,25]. More
specifically, the present EN AW 6016-T4 sheet contained
0.92% Si and 0.41% Mg as age-hardening elements.
Consequently, this phenomenon induces variations in the
thermomechanical properties of the alloy, necessitating a
comprehensive understanding of its behavior. Therefore,
conducting tensile tests under elevated temperature
conditions becomes essential for accurate characterization.

3 Experimental procedure

For the performance of the tensile tests, the standards
ISO 6892-1:2019 and ISO 6892-2:2018 were used to define
the guidelines of the tests at room temperature and at
high temperature conditions, respectively. The tests
were performed using a universal testing machine
INSTRON 5585 with a load cell with a maximum load
capacity of 200 kN and an environmental chamber
INSTRON 3119-407. The loading rate of the upper
crosshead was set as 1.13mm/min. The specimens used
in the experiment had a thickness of 1.10mm
(±0.02mm) and their geometry is shown in Figure 1A.
In order to prevent material transformation caused by
high cutting temperatures in other methods such as laser
cutting, water jet cutting was employed during the
manufacturing process. The strain measurements in this
study were performed using Digital Image Correlation
(DIC) as the measurement technique, as depicted in
Figure 1B. The choice of this technique was based on
previous research findings, which have demonstrated the
reliability of DIC for strain analysis in tensile tests
conducted at temperatures below 650 °C [26–30].

For this study, GOM Correlate Pro software was
selected for the analysis and subsequent data treatment.
The technique of random speckle patterns on the specimen
was used. So, a black–white speckle pattern was sprayed
onto the study surface of the samples and, subsequently,
the system configuration underwent calibration, facilitated
by a precisely dimensioned calibration target measuring
23� 18mm.

To carry out the tensile tests, an image that will serve as
a reference image is taken just before each test, then images
of the specimen are taken during the deformation process
until rupture. The stress–strain curve data were acquired
at regular 2-second intervals through the association of
stress data derived from the tensile testing machine and
strain data extracted via the DIC method. The determina-
tion of strain involves a process, wherein the software
captures displacement measurements within the defined
DIC zone. Subsequently, these measurements obtained



Fig. 1. (A) Geometry of the specimens for tensile tests (units in millimetre). (B) Photo of the assembly for the tensile test. (C) Speckle
pattern quality on a scale from zero to ten for a test according to the GOM Correlate Pro software.
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from the specified region of interest are used to calculate
strain, then they undergo a process of averaging to
ascertain accurate and representative strain values.

Knowing that the accuracy and precision in DIC
measurements depends also on the quality of the speckle
pattern, tests were only taken into account if the speckle
patterns were of a considerably good quality according to
GOMCorrelate software. This analysis of the quality of the
speckle pattern executed by GOM Correlate and visually
depicted in Figure 1C considers a multitude of critical
factors, including pattern size, pattern density, the
starkness of contrast achieved between the distinctive
speckles and the underlying background, and the meticu-
lous identification of any potential sources of interference
or noise—ranging from the influence of shadows to
reflections.

In regard to the analysis of stress and strain results, it is
well established that aluminum alloys exhibit significant
plastic deformation, rendering the properties calculated
using the engineering stress (seng) and engineering strain
(eeng) not the most suitable. Therefore, in this study, the
graphs will be drawn from the true stress (strue) and the
true strain (etrue). Considering the constant volume
assumption (the incompressibility assumption), it is
possible to calculate the value of the true stress (strue)
as a function of engineering stress and engineering strain:

strue ¼ seng: 1þ eeng
� �

: ð1Þ

Asfor the truedeformation (etrue), it canbecalculatedby:

etrue ¼ lnð1þ eengÞ: ð2Þ
Tensile tests covered a temperature range representa-

tive of automotive industry production lines, which
included tests at room temperature, 140 °C, 180 °C, and
220 °C. To ensure statistical significance of the following
results, a minimum of three valid tests were performed at
each temperature.

In terms of the analysis of the elastic limit, the Rp0.2
(0.2% offset yield strength) of the material exhibited a non-
linear increase from 107.67MPa at room temperature to
161.59MPa at 220 °C, as shown in Figure 2B and Table 2.
This indicates a significant temperature-dependent en-
hancement in yield strength in a non-linear manner.
Examining the average elongation of the material, the
results shown in Figure 2A reveal a trend towards
decreased ductility at elevated temperatures. This phe-
nomenon can be attributed to the formation of b”-precip-
itates around 230 °C, which act as barriers impeding
dislocation movement. Consequently, while the yield
strength is augmented, the ductility is concurrently
reduced [31,32]. The presence of these precipitates restricts
the plastic deformation mechanisms, limiting the material’s
ability to elongate before fracture.

The average values obtained for the Young’s modulus
(E) were calculated from the slope of the elastic part of the
curves shown in Figure 2A. As can be seen in Figure 2C,
contrary to what occurs with the elastic limit, the values of
E decreased in a non-linear way from 65.19MPa at room
temperature to 48.33MPa at 220 °C. This softening can be
explained because with the increase in temperature we
begin to approach the melting temperature of the material,
which makes the material able to distribute stresses more
easily.

Figure 2A also reveals that the stress vs strain curve
starts to have a tendency to show slight negative slope in
the plastic deformation zone at 220 °C. This fact is due to
the formation of Mg- and Si- clusters at around 80 °C,
formation of Guinier-Preston zones (GP-zones) at around
150 °C and formation of b”-precipitates at around 230 °C
[31,32]. The formation of these precipitates significantly



Fig. 2. Results obtained for the EN AW 6016-T4 naturally aged for three months. (A) Average of true stress versus true strain curves
for each temperature situation studied. (B) Average evolution of the elastic limit, obtained at the stress level corresponding to a plastic
strain of 0.2%, analyzed in relation to temperature. (C) Average evolution of Young’s modulus in relation to temperature evolution.

Table 2. Result of the analysis of the mechanical properties. Rp0:2 is the average of the elastic limits obtained with an
offset of 0.2% from the elastic zone; SD Rp0:2ð Þ is the standard deviation of the elastic limits; Error Rp0:2

� �
is the

standard error of the elastic limits; E is the average of the Young’s moduli; SD E
� �

is the standard deviation of Young’s

moduli;Error E
� �

is the standard error of the Young’s moduli;Rp0:2
0°
andRp0:2

90° are, respectively, the averages of the

elastic limits obtained from the specimens cut at 0° from the rolling direction and at 90°; Similarly, E
0°
e E

90°
are the

averages of the Young’s moduli obtained from specimens cut at 0° from the rolling direction and at 90°.

Temperature (°C) Rp0:2
(MPa)

SD Rp0:2
� �

(MPa)
Error Rp0:2

� �

(MPa)
E
(GPa)

SD E
� �

(GPa)
Error E

� �

(GPa)
Rp0:2

0°

Rp0:2
90°

E

0°

E
90°

Room Temp. 107.67 4.34 1.77 65.19 0.46 0.19 1.07 1.02
140 121.10 5.05 2.92 52.83 0.70 0.40 1.02 1.00
180 131.21 1.69 0.98 51.11 1.60 0.92 1.02 1.06
220 161.59 8.93 4.47 48.33 1.18 0.59 0.93 0.97
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Fig. 3. Structural dimensions of the assembled roof in the body-
in-white.
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impacts the material’s response to mechanical loading due
to their distinct influence. Additionally, dislocation creep,
which is characteristic of aluminum alloys, begins to take
effect around 250 °C [33]. These combined factors contrib-
ute to the observed change in the slopes of the stress-strain
curves, particularly at elevated temperatures.

In order to find out if the material studied has isotropic
or anisotropic behavior in terms of yield strength, the
specimens were made and tested in two directions (in the
rolling direction and at 90 ° from the rolling direction).
Observing in Table 2, it is possible to see that the results of
the proportion between the elastic limit at 0.2% for the

samples cut in the rolling direction and at 90 ° (Rp0:2
0°

Rp0:2
90°) is

between 0.93 and 1.07, which is very close to 1.
Consequently, the anisotropy in the yield strength is
negligible for this material within the studied temperature
range.

The results obtained from this study align with the
conclusions drawn in the work of Engler[25]. In that study,
an analysis of the EN AW 6016 �T4 alloy was conducted
for three distinct in-plane orientations to the rolling
direction: 0 °, 45 °, and 90 °. The findings from this
examination echo the observation that the sheet material
displays minimal in-plane anisotropy. Notably, a slight
discrepancy of only 2MPa exists between the maximum
and minimum yield strengths, evident at orientations 0 °
and 90 °.

Similar congruence is evident in the investigations
undertaken by Simões et al. [34]. In their study, uniaxial
tensile tests were performed across a range of temperatures,
spanning from ambient conditions to 300 °C. These
experiments employed the Gleeble machine, generating
rapid heating within seconds, and encompassed deforma-
tion rates from 2� 10�4 s�1 to 2� 10�2 s�1. The outcomes
underscore a parallel observation: uniaxial tensile tests
conducted at distinct orientations (0 °, 45 °, and 90 °)
relative to the rolling direction consistently reveal the
material’s negligible anisotropic behavior in terms of yield
stresses, regardless of temperature variations.

Furthermore, based on the findings presented in
Table 2, a similar observation can be made regarding
the analysis of Young’s modulus. The calculated ratios

(E
0 °

E
90°Þ range from 0.97 to 1.02, indicating a value close to 1.

Hence, the results further support the notion that the
Young’s modulus remains relatively consistent and
unaffected by the angle of orientation.

Another point of note is that, as evidenced from
Table 2, the highest standard deviations for the elastic
limits and the Young’s Modulus are 8.93MPa and
1.18GPa, respectively. These values remain considerably
minor in comparison to the average values obtained for
their respective analyzed properties, thus signifying a
robust convergence concerning the results.

After completing the investigation on the temperature-
dependent mechanical properties of EN AW 6016-T4, the
subsequent stage focuses on predicting the displacement
and deformation characteristics of the structure during the
heating phase in the paint ovens. This involved conducting
an analysis of buckle and post-buckle behavior on the body-
in-white structure, utilizing the mechanical properties of
the studied material.
4 Thermal buckle and post-buckle analysis

In this stage of the study, the structural performance of a
generic SUV roof (with dimensions shown in Fig. 3)
assembled in a body-in-white will be initially evaluated in
terms of thermal buckling. The objective of this analysis is
to determine whether the configuration of the roof, made of
EN AW 6016-T4 material, poses a potential risk of
experiencing buckling during the heating process in the
painting phase, thereby compromising the structural
conformity and visual integrity of the structure.

For a large-scale geometry such as the body-in-white,
numerous factors (including a wide variety of materials,
different boundary conditions for each component, cost,
development time, etc.) make the analytical study of
thermal buckling highly complex and big amount of
structural tests impractical in terms of cost, time, and
understanding of the underlying physical phenomena.
Hence, a linear buckling analysis was conducted using the
ABAQUS software to study the thermal buckling behavior
of the structure. By employing this numerical technique,
the complex interaction between temperature and struc-
tural response can be evaluated, allowing for a comprehen-
sive understanding of the thermal buckling phenomenon.

The numerical model of the EN AW 6016-T4
incorporates material properties and previously obtained
true stress vs true strain curves through the integration of
temperature-dependent data. This entails accounting for
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variations in the Young’s Modulus, yield strength, and
elasto-plastic behavior of the material in response to
temperature changes. The model employs linear interpola-
tion between data points to establish a continuous
representation across temperature ranges. Given the
intricate interplay between temperature fluctuations and
material response, the endeavor to formulate distinct
hardening laws tailored to each temperature scenario is
notably complex. As a pragmatic resolution, the method-
ology of isotropic hardening was embraced. This approach
captures the material’s dynamic response to diverse
thermal conditions using the temperature-dependent
curves obtained from the tensile tests, thus preserving
model integrity and comprehensibility without undue
complexity. This strategic selection aligns harmoniously
with the endeavor of modeling the sizable vehicle structure
while factoring in the nuances of temperature-induced
variations.

In terms of geometry, given that structures subjected to
compressive loading can buckle in non-axisymmetric
modes, it was chosen to perform the buckling analysis
with the complete geometry [35]. From a mathematical
perspective, utilizing the notation outlined in the ABA-
QUS User Guide, the software aims to determine the
outcomes of the subsequent equation:

KMNvM ¼ 0; ð3Þ
where KMN is the tangent stiffness matrix when the

loads are applied, and the vM are nontrivial displacement
solutions.

Developing equation (3), we arrive at:

K0
NM þ li KD

NMÞviM ¼ 0 ð4Þ
where K0

NM is the stiffness matrix corresponding to the
base state, which includes the effects of the preloads, li are
the load multipliers, also called eigenvalues (for this reason
the magnitude of the load is not important, as it will be
multiplied by this factor until reaching the solutions of the
equation), KD

NM is the differential initial stress and load
stiffness matrix due to the incremental loading pattern,
vi
Mare the buckling mode shapes (eigenvectors), N and M

refer to degrees of freedom of the whole model and i refers to
the ith buckling mode. If we call the preloads PN and the
incremental loading pattern QN, the critical buckling loads
are then PN+liQ

N. This justifies the fact that for Eigen
mode analysis there needs to be a disturbance load in the
model.

In the case of the studied model, the disturbance load
will be the temperature variation that will cause a thermal
expansion or contraction of the material. The coefficient of
thermal expansion employed for the EN AW 6016-T4
material was 2.25� 10�5 °C�1. To facilitate the calcula-
tions, we choose an initial temperature of 0°C for the model
and apply a temperature change of +1 °C. Thus, the results
of the eigenvalues given by the simulation will be the
buckling temperatures of each mode. Beyond applying the
load, ensuring precise boundary conditions stands as a
critical factor in achieving an accurate depiction of the
buckling phenomenon. Thus, simulating these conditions
numerically in close alignment with real-world scenarios
becomes imperative.

In this context, the car roof is linked to the body-in-
white through spot welding and brazing, as demonstrated
in Figure 4A. To aptly encapsulate the essence of these
connections within numerical simulations, multiple point
constraints (MPC) were employed. These constraints
guarantee that the translational and rotational behaviors
of the interconnected points remain the same, preventing
any relative rotation or translation between the car roof
and the body-in-white at these specific junctions.

Figure 4B presents the simulation results of the first
eigenvalues for each side of the full-geometry model,
employing an S4mesh for the roof, which are 4-node, stress-
displacement shell elements endowed with large-strain
formulation. The elements were selected to possess an
approximate global size of 5mm per side. This resulted in
an extensive mesh, comprising a total of 111 540 elements
solely dedicated to modeling the car roof.

By observing Figure 4B, it can be noted that
temperature variations of 56.9 °C and 57.0 °C are required
to induce buckling on the right and left sides of the roof,
respectively. The close proximity of these temperatures
suggests that buckling will occur nearly simultaneously on
both sides of the structure. Notably, these temperatures are
relatively low compared to the temperature variations
encountered during the production process in the automo-
tive industry, typically ranging from 140 °C to 220 °C.
Consequently, a post-buckling analysis becomes essential
to evaluate the structural behavior beyond the buckling
initiation stage.

There exist various numerical methods to simulate the
post-buckling behavior of structures. Two common
approaches involve applying a load to trigger the activation
of buckling modes [36] or imposing displacements at
specific locations on the structure [37]. In this research, we
adopted a strategy where the buckling mode shapes are
employed as geometric imperfections within the model. In
this study, the term “imperfections” pertains to deliberate
initial deviations from an idealized state, introduced into
the model to capture irregularities. This choice was
motivated by the inherent presence of initial geometric
imperfections in engineering structural elements under real-
world conditions. Consequently, the buckling mode shapes
obtained fromthebuckling simulationaregoing tobeusedas
valuable data for subsequent post-buckling analyses.

On ABAQUS, imperfections have the form of:

Dxi ¼
Xk

i¼1

wi:’i; ð5Þ

where fi represents the ith mode shape and wi is the
associated scale factor, k is the number of selected buckling
modes to be considered in the post-buckling analysis, and
Dxi denotes the resulting imperfection value [38]. To
quantify these inherent deviations, we employed a dial
gauge to measure the initial geometric imperfections in a
sample cut from the EN AW 6016-T4 aluminum sheet of



Fig. 4. (A) Boundary conditions related to the assembly of the car roof with the body-in-white. (B) Result of the thermal buckling
analysis through Finite Element simulation. DTcrit�right and DTcrit�left represent, respectively, the temperature variation required to
reach the first buckling mode on the right and left sides of the car roof.
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1.1mm thickness after its production. These imperfections
were found to be in the order of 0.01mm. Thus, a
imperfection factor of 0.01 was chosen to the post-buckle
simulation.

A temperature curve representing the heating oper-
ations in the automotive painting phase was utilized as a
thermal load (refer to Fig. 5). Given the relatively large size
of the structure, temperature heterogeneities are expected
to occur. For industrial simplification purposes, the
temperature application is divided into three groups of
components: external parts (surrounding the vehicle
externally), internal parts (located in the vehicle’s interior
paint), and intermediate parts (between the external and
internal components). Since the thermal loads depicted in
Figure 5 are applied gradually over time, the influence of
acceleration in the post-buckle phase can be considered
negligible. Consequently, an implicit analysis approach is
deemed suitable for investigating our problem. Addition-
ally, as post-buckling deformations do not exhibit direct
proportionality to the applied loads, the simulation
incorporates geometric nonlinearity. Thus, the prior
examination of material properties concerning temperature
assumes paramount significance.
5 Results and discussion

The determination of the critical buckling temperature can
be achieved through the application of the Budiansky
criterion [39]. This criterion relies on identifying a sudden
change in the curvature of the load-displacement or
temperature�displacement response curve. Consequently,
Figure 6A showcases the out-of-plane displacement curves
derived from the results of post-buckling simulations along
a specific line (highlighted by the red line in Fig. 6B),
strategically positioned at a distance of 53mm from the
right edge of the roof. This specific location was chosen due
to its alignment with the epicenter of the most significant
out-of-plane displacements observed within the structure.

As depicted in Figure 6A, the first pronounced change
in out-of-plane displacement manifests itself at a tempera-
ture of 63.3 °C, exhibiting a peak displacement magnitude
occurring between the 1.2-meter and 1.4-meter positions
along the length of the car roof. Under the highest
temperature condition investigated (green curve in
Fig. 6A—180 °C), the Z-directional displacement reaches
a maximum value of 8.3 millimeters, while the minimum



Fig. 5. Temperature graph used in numerical analysis. The structural components are divided into three groups: external parts
(surrounding the vehicle externally), internal parts (located in the vehicle’s interior), and hollow body parts (between the external and
internal components).

Fig. 6. (A) Evolution of out-of-plane displacement derived from the results of post-buckling simulations along the red line highlighted
in 6-B at 63.3 °C, 180.0 °Cand upon return to 20 °C. (B) Line at a distance of 53mm from the right edge of the roof (epicenter of themost
significant out-of-plane displacements).
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displacement amounts to 1.0 millimeter, resulting in a
maximum difference of 7.3 millimeters. Furthermore, the
displacement curve as a function of length reveals subtle
undulations subsequent to the structure’s return to a
temperature of 20 °C, with maximum variation of the
undulationsmeasuring 1.4mm, as shown in Figure 6. These
undulations can be attributed to the complex interplay
between the car roof’s response to the heating process
and the differential expansion of the body-in-white
components. They represent a potential challenge con-
cerning the visual conformity of the structure, as they
introduce irregularities and deviations from the desired
aesthetic standards.

Figure 7 illustrates the outcomes of the analysis
conducted on the z-directional displacement field, plastic
deformation patterns, and principal compressive stresses to
evaluate the mechanical behavior of the structure at
various temperatures. The chosen temperature points



Fig. 7. Body-in-white analysis of Z-directional displacement, equivalent plastic strain, and principal compressive stresses fields at
20 °C, 63.3 °C, 180 °C and return to 20 °C.
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included 20 °C, 63.3 °C, 180 °C, and the return to 20 °C. At
the initial condition for the post-buckling simulation
(20 °C), the structure exhibited stability.

At 63.3 °C, buckling initiation was observed. In
Figure 7, the circled red regions in the displacement field
and principal compression field indicate the appearance of
displacement and stress peaks. This signifies the onset of
buckling. Additionally, analyzing the equivalent plastic
strain field revealed that the structure experienced
buckling while still within the elastic strain domain.

At 180 °C, it was evident from the displacement and
stress analyses that the roof had fully buckled. The
presence of numerous local peaks in these fields indicated
significant displacement variations and the appearance of
some plasticity. Notably, in Figure 7, the circled red region
at the lateral borders of the roof showed evidence of an
equivalent plastic strain of 0.37%. This was a result of the
boundary condition imposed to represent the weld line
between the roof and the body side of the body-in-white.
Moreover, the maximum value of the principal compressive
stress at the roof was measured at �140.7MPa.

The equivalent plastic strain observed at 180 °C caused
the structure to remain deformed even after the cooling
process back to 20 °C. This deformation resulted in the
undulations seen in the analysis of the out-of-plane
displacement, as depicted in Figure 7.

In order to validate the final state of the roof, after
conducting the numerical analysis of the problem, a real
body-in-white with the same design as the simulation was
subjected to the same thermal loading as imposed in the
simulation. At the end of this process, the structure was
taken to a scanning booth, enabling the creation of a point
cloud for the virtual reconstruction of the structure. The
virtual post-processing analysis was carried out using the
Polyworks software. Through this analysis, it was possible
to identify the visual defects on the car roof. By comparing



Fig. 8. Comparison of appearance results for the roof: numerical simulation, real structure scan, and photographic analysis
(respectively, from left to right).

Fig. 9. Relative displacement results between the vehicle before
and after heating phase. These results were obtained through the
scan conducted with the car roof made of EN AW 6016-T4.
Measurements are in millimeters.
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the results of the physical test with those of the simulation,
as presented in Figure 8, a satisfactory correlation is
observed in terms of the manner in which the structure
buckles and the location of the buckling-induced undu-
lations, which are predominantly found near the lateral
edges of the roof. Hence, the visual conformity issues
highlighted by the simulation were validated through the
physical test.

To establish one more link between numerical simula-
tion and the physical vehicle structure, we utilized
Polyworks software to extract relative displacement values
between the structure after the heating phase and the
structure prior to entering the paint ovens. The outcomes
of these relative displacements are visualized in Figure 9.
It’s important to emphasize that the reference points
employed for scanning differ from those used in the
numerical simulation. This discrepancy arises due to the
intricate production processes involving stamping and
assembly that lead to the final real-world structure.
Consequently, disparities in absolute displacement values
are to be expected between the physical and numerical
models.

Despite these disparities, there are consistent variations
in the wave amplitudes generated by the post-buckling
effect, which can be effectively compared with the
simulation results. Upon analyzing the results showcased
in Figure 9, a conspicuous pattern emerges: the lateral
regions of the car roof exhibit notable shape irregularities,
with the most prominent displacement variation observed
in the Z-direction within the undulated region, measuring
1.3mm. This value corresponds closely to the maximum
displacement variation of 1.4mm previously obtained in
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the right undulated zone of the roof, as shown in Figure 6A.
This agreement substantiates the correlation in terms of
displacement magnitude, and it offers compelling evidence
of a significant shape defect within this vehicle structure.

6 Conclusion

This study addresses the instability issue faced by the
aluminum alloy EN AW 6016-T4 roof structure of an SUV
vehicle when assembled with a predominantly steel body.
Conducting full-scale tests on the structure is complex in
terms of time, cost, and obtaining scientific conclusions.
Therefore, a numerical methodology was developed to
predict the mechanical behavior of the structure in terms of
thermal buckling.

It can be concluded that due to the differential thermal
expansion of the various body structures, problems related
to roof buckling occur at a temperature difference of
approximately 60 °C, while the structure is still within its
elastic regime. This temperature variation is relatively
small compared to the maximum temperatures experi-
enced by the vehicle during production (180 °C). Hence,
accounting for post-buckling behavior is essential to
predict the final appearance of the roof in the vehicle. In
this research, the consideration of buckling modes for post-
buckling simulation was accomplished by introducing
imperfections with an amplitude factor of 0.01 into the
model.

According to the obtained results, the structure
exhibits undulations at the end of the heating phase, with
a maximum amplitude of 1.4mm near the lateral edges of
the roof. Such deviations from a smooth and uniform
displacement pattern can significantly affect the aesthetic
appearance and overall quality of the car roof, which is a
critical aspect in automotive design andmanufacturing. To
validate the numerical model results, a physical test on the
full-scale structure was conducted, and the results
regarding the shape and location of roof surface defects
exhibited similar trends in both cases. Moreover, the
maximum displacement variation observed in the out-of-
plane direction within the same undulated region was
measured 1.3mm, indicating agreement with the numerical
simulation results and compelling evidence of a significant
shape defect within the roof structure.

Therefore, this study emphasizes the importance of
mitigating these undulations and ensuring the structural
integrity and visual conformity of the car roof through
designmodifications to reinforce the problematic area. This
is essential for meeting desired standards of the automotive
industry and customer expectations.
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