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Abstract

Aluminum alloys, known for their effective weight reduction, are widely used in the automotive industry. However, compared
to steel, they exhibit challenges such as lower room-temperature elongation rates, inferior plasticity, and a higher tendency
to crack during forming processes, which significantly limits their application. The current investigation aims to compre-
hensively investigate the mechanical properties and forming characteristics of 6016 aluminum alloy sheets. Specifically,
Digital Image Correlation (DIC) technology was employed to conduct tensile tests on the sheets under various strain paths,
including uniaxial tension, shear, and plane strain. Initially, the tests focused on evaluating the mechanical properties and
forming characteristics of the aluminum alloy sheets. Subsequently, stress—strain relationship models were established, with
results indicating that the saturated stress—strain models, exemplified by the Voce model, are more suitable. Furthermore,
this study analyzed the critical failure states of the 6016 aluminum alloy sheets under different strain paths and measured the
critical thickness at necking and fracture. These findings provide significant insights for evaluating the failure of aluminum

alloy sheets post-forming.
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1 Introduction

Lightweighting is one of the most crucial development
directions in the modern automotive industry [1-3] and
serves as a key method to effectively reduce vehicle fuel
consumption [4-6]. Replacing steel with aluminum alloy
for structural and exterior components can reduce vehicle
weight by over 40% and decrease fuel consumption by 30%
[7]. In the production of auto panels, stamping is the most
widely used forming process [8, 9]. However, aluminum
alloy sheets, compared to steel, face challenges such as infe-
rior stamping performance and the inapplicability of exist-
ing, more mature stamping molds and process design expe-
rience [10-13], significantly limiting their application in
the industrial production of auto panels [14, 15]. Moreover,
the complex shapes of auto panels add significant intricacy
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to the strain paths during forming [16]. Consequently, an
exhaustive investigation into the mechanical properties and
formability of aluminum alloy sheets is imperative, offering
crucial insights for finite element simulation and practical
engineering implementations in forming operations.
Numerous researchers have already conducted studies on
the mechanical properties and forming characteristics of alu-
minum alloys [17], with uniaxial tensile tests being the most
widely applied. Researchers typically focus on the effects of
varying strain rates, deformation temperatures, and material
microstructures on the mechanical properties [18-20]. Neto
et al. [21] analyzed the heat generated by plastic deforma-
tion in AA6016 aluminum alloy during quasi-static uniaxial
tensile tests at different stretching speeds. Additionally, Shen
et al. [22] performed uniaxial tensile tests on 6061 aluminum
alloy at various strain rates and developed a modified J-C
model. Zhang et al. [23] revealed the mechanical property
changes in AA6082 aluminum alloy caused by non-uniform
temperature distribution. Lu et al. [24] investigated the ther-
momechanical properties of 7075 aluminum alloy, finding
that the temperature increase due to plastic deformation sig-
nificantly rose with increasing strain. Xiao et al. [25] studied
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the thermoformability of AA7075 aluminum alloy, noting
that formability improved with decreasing deformation
temperature and increasing strain rate under thermal stamp-
ing conditions. In terms of low-temperature forming, Yan
et al. [26] explored the tensile behavior of 6061 aluminum
alloy under low temperatures, discovering that reducing
the temperature from 20°C to -80°C effectively enhanced
its mechanical properties. Moreover, Bagheri et al. [27]
examined the impact of different welding methods on the
mechanical and forming behaviors of AA6061 alloy, iden-
tifying more optimal welding techniques and parameters.
Thirathipviwat et al. [28] studied the structural evolution
and dislocation density changes in aluminum-magnesium
alloys during uniaxial tensile deformation from a micro-
scopic perspective.

As DIC technology continues to advance in terms of
algorithms, speed, scale, and dimensions, its application
in material performance testing has gained widespread
acceptance and use [29-32]. Deng et al. [33] utilized
DIC technology to measure the stress—strain curve of alu-
minum alloy sheets under various strain rate conditions,
thereby analyzing their high-speed forming performance.
Liu [34] utilized DIC technology to measure the defor-
mation field on the surface of aluminum alloy specimens
under uniaxial tension, thus analyzing the variations of
stress and strain during necking. Based on this, Fang
et al. [35] proposed an experimental method to improve
the accuracy of DIC technology in detecting local neck-
ing of specimens. In addition, numerous researchers have
proposed innovative methods for applying DIC technol-
ogy to uniaxial tensile tests. Jordan et al. [36] introduced
the idea of using surround DIC to obtain precise strain
measurements of specimens, reducing the measurement
errors of stress—strain curves. Li et al. [37] presented a
method for rapidly obtaining the stress—strain curve of
metal sheets within a large strain range utilizing DIC
technology.

In summary, current research on the mechanical prop-
erties and forming characteristics of aluminum alloy
sheets is predominantly based on uniaxial tensile tests.
However, in the actual production process of auto pan-
els, aluminum alloy sheets undergo complex and varied
strain states, making uniaxial tensile testing insufficient
for comprehensive analysis. This study innovates by
employing DIC technology to conduct tensile tests on the
6016 aluminum alloy sheets under various strain paths,
including uniaxial tension, shear, and plane strain. This
approach allows for a more thorough elucidation of the
mechanical properties and forming characteristics. This
study accomplishes an in-depth investigation of mechani-
cal properties, the development of stress—strain relation-
ship models, and an analysis of critical failure states under
different strain paths. These findings provide crucial data
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and monitoring basis for finite element simulation of the
forming process and the actual forming operation of the
6016 aluminum alloy sheets.

2 Experiments
2.1 Material and specimens

The material applied for this experiment was Imm-thick
6016-T4 aluminum alloy sheet, which are widely utilized
in the manufacturing of auto panels.

The ASTM ES8 standard specimen is adopted for uniaxial
tension test, shown in Fig. 1(a). The simple shear specimen
designed by Peirs et al. [38] is adopted for shear test, shown
in Fig. 1(b). The dimensions of the selected plane strain test
specimen are shown in Fig. 1(c), the effectiveness of this
specimen will be validated in Sect. 5.2.

The preparation of the specimens requires a series of opera-
tions. The basic process used in this experiment is as follows:

(1) Cutting: Utilizing a wire cutting machine, specimens
were cut from the sheets in three directions: 0°, 45°,
and 90°, relative to the rolling direction of the material.

(2) Numbering: Group the specimens and assign their num-
bers based on the angle.

(3) Cleaning: Utilize alcohol to wipe the surface of the
specimens to remove any residual oil stains from the
machining process.

(4) Painting: First, spray white primer on the region of interest
for strain analysis. Then, spray black point paint on that
area to facilitate strain measurement using DIC technology.

(5) Drying: Allow the painted specimens to dry.
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Fig.1 Specimen dimensions (unit: mm) (a) in-plane uniaxial tensile
test specimen (UTT-specimen), (b) in-plane shear test specimen (ST-
specimen) and (c) in-plane plane strain test specimen (PST-specimen)
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2.2 Experimental setup

The tensile testing machine utilized in this experiment was
the Zwick/Roell Z100 universal electronic testing machine
from Germany, with a maximum testing force of 100kN and
a beam speed range of 0.0001 to 1500mm/min. The DIC test-
ing system utilized was the GOM Aramis 4M system from
Germany, as shown in Fig. 2. During the test, to ensure that
the specimen undergoes quasi-static deformation during the
tensile process, a tensile speed of 1.5 mm/min was set. In the
DIC testing system, strain analysis areas for each specimen
were selected. By tracking the positional changes of pixel
points before and after deformation, the strain fields within
these analysis areas were obtained. These were then analyzed
using post-processing software, as shown in Fig. 3. Concur-
rently, tensile force values were acquired from the built-in
force sensor of the Zwick/Roell Z100 for subsequent analysis.

Zwick/Roell Z100 universal
electronic testing machine

DIC testing system

3
0

Fig.2 The experimental setup

Fig.3 Analysis steps of DIC
testing system

B > (

3 Mechanical properties study

Compared to the traditional steel sheets commonly used in the
auto panel production industry, aluminum alloy sheets have
poorer plasticity and are prone to cracking during stamping
forming, which poses difficulties for the control of forming
quality. In this chapter, the mechanical performance of the
6016 aluminum alloy sheets was analyzed utilizing uniaxial
tensile tests. The relationship between various mechanical
properties and the forming performance of the sheets was
discussed. Furthermore, accurate parameters for the finite
element simulation of the forming process were provided.

3.1 Basic mechanical properties study

The uniaxial tensile test was utilized to analyze the basic
mechanical properties of the 6016 aluminum alloy sheets.
The strain values in the strain analysis area were measured
utilizing DIC technology. Simultaneously, the tensile force
values were obtained from the force sensor of the tensile
testing machine. The engineering stress—strain curve was
plotted, as shown in Fig. 4.

The engineering stress—strain curves of individual speci-
mens at the same angle overlap well before fracture. However,
there is significant variability in elongation, with the most pro-
nounced difference observed at 90°. The maximum difference
in elongation between different specimens is approximately
6%. This is attributed to factors such as non-uniform micro-
structural defects within the aluminum alloy sheets, which is
a normal experimental phenomenon. The basic mechanical
property data in the 0°, 45°, and 90° directions relative to the
rolling direction are shown in Table 1. The 6016 aluminum
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Fig.4 Engineering stress—strain curves (a) 0°, (b) 45°, and (c) 90°

alloy sheets exhibit similar values of Young’s modulus, yield
strength, and tensile strength in the three directions. These
three mechanical performance parameters show a slight
decrease as the angle with the rolling direction increases.
The maximum differences between Young’s modulus, yield
strength, and tensile strength among different angles are 1722
MPa, 3 MPa, and 5 MPa, respectively. The sheets also have
arelatively small yield ratio, indicating a longer stage of uni-
form plastic deformation from the onset of yielding to the
point of fracture. This characteristic reduces the likelihood of
failure due to cracking in auto panels during the production
process and is beneficial for forming processes.

3.2 Hardening characteristics analysis

The study of hardening characteristics is of great signifi-
cance for evaluating the processing performance of metal
materials. Among them, the strain hardening exponent is
commonly used to assess the hardening behavior of materi-
als during cold deformation processes [39]. To study the
hardening characteristics of the 6016 aluminum alloy sheets,
it is necessary to convert the engineering stress—strain curve
into true stress—strain curves. Within the range of uniform
plastic deformation between the yield point and the necking
point, the conversion from engineering stress and engineer-
ing strain to true stress and true strain is based on the fol-
lowing equations [40]:

Engineering strain (%)

Engineering strain (%)

c=F/A=0,,1+e) 3)
where e is the engineering strain, AL is the incremental
length of the specimen's test area, L, is the initial length
of the test area. € is the true strain, L; is the length of the
specimen after deformation. o is the true stress, ,,, is the
engineering stress, F is the current tensile force, and A is the
current cross-sectional area of the specimen.

The specimen from each direction with mechanical prop-
erty data closest to the average was selected as the calibra-
tion specimen for the true stress—strain curve. Plot the true
stress—strain curve within the range of uniform plastic defor-
mation after the yield point and before the necking point, as
shown in Fig. 5. The true stress—strain curves of the 6016
aluminum alloy sheets in three directions show a high degree
of overlap, indicating that the differences in material proper-
ties across the plane of the sheet are minimal, and it can be
approximately considered isotropic within the plane. Addi-
tionally, the true stress—strain curves of the 6016 aluminum
alloy sheets are relatively smooth and even, which is benefi-
cial for surface quality control of aluminum alloy stamping
parts. Therefore, it is suitable for manufacturing auto panels
that have high requirements for surface quality.

The strain hardening index “n” represents the material's
ability to undergo work hardening, and it can be obtained by
fitting the true stress—strain curve using the hardening relation-
ship equation [40]:

e=AL/L, (1)
o = ke" 4
e =In(L;/Ly) = In(1 + ) (2)  where o is the true stress, k is the strength coefficient, € is the
true strain, and n is the strain hardening exponent. Within
Table 1 Mec}'lanical properties Angle Young’s Yield Tensile Elongation Yield ratio
of 6016 aluminum alloy sheets ©) modulus(MPa) strength(MPa) strength(MPa) (%)
0 67,571 119 233 30.0 0.512
45 66,840 118 232 32.5 0.508
90 65,849 116 228 27.0 0.510
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Fig.5 True stress—strain curves

the range of uniform plastic deformation of the specimen, all
strain data points were fitted using the least squares method,
and the results are shown in Table 2. The results indicate that
the 6016 aluminum alloy sheets have a high strain hardening
index, allowing for more uniform deformation under uni-
axial stress conditions, with a reduced tendency for strain
localization. This contributes to their excellent forming per-
formance and corroborates their characteristic of having a
high elongation.

Furthermore, this study investigated the hardening behavior
of the 6016 aluminum alloy sheets after baking. Baking hard-
ening is a common metal processing technique that has been
widely used in the manufacturing and processing of various
alloys. This technique can improve the strength and hardness
of aluminum alloys. During the industrial production of auto
panels, aluminum alloy sheets undergo temperature changes
in the painting and baking process after stamping, which alters
the mechanical properties of the material. This makes the
mechanical behavior more complex and poses challenges to a
comprehensive assessment of stamping formability. Therefore,
accurately describing the changes in mechanical properties of
pre-strained 6016 aluminum alloy sheets after bake hardening
is a critical issue that urgently needs to be addressed for their
application in the production of auto panels.

To investigate the effects of various pre-strains and bak-
ing hardening on the mechanical properties of the 6016 alu-
minum alloy sheets, this experiment conducted baking and
uniaxial tensile tests on specimens with different pre-strains

Table 2 The value of n

Angle 0 45 90
®
n 0.265 0.265 0.260

and angles, as shown in Table 3. The variations in yield
strength and tensile strength under different pre-strains were
analyzed. The baking conditions were consistent with those
in the industrial production of auto panels, with a baking
temperature of 170 °C and a baking time of 20 min. The
baking process was performed using a Memmert UF110
constant-temperature oven. Once the temperature inside the
oven reached and stabilized at 170 °C, the uniaxial tensile
specimens were placed inside and left to wait until the tem-
perature reached 170 °C again and stabilized. After a 20-min
insulation period, the specimens were removed and cooled
to room temperature.

The engineering stress—strain curves under different pre-
strain conditions after baking were plotted in Fig. 6. This
was done to investigate the influence of different pre-strain
and baking hardening on the mechanical properties of the
6016 aluminum alloy sheets and to compare the differences
in yield strength and tensile strength.

The results show that both the yield strength and ten-
sile strength significantly increased after baking compared
to the original state. Furthermore, the increase was more
pronounced with higher levels of pre-strain, as shown in
Table 4 and Table 5. Taking the 0° direction as an exam-
ple, after 12% pre-strain and baking, the yield strength
and tensile strength increased by 94.1% and 19.8%,
respectively, compared to the original state. The increase
in yield strength is more significant. The microstructural
explanation for this is that the baking process promotes the
precipitation of strengthening phases " in the aluminum
alloy sheets, thereby improving their mechanical proper-
ties [41]. Additionally, the introduction of pre-strain gener-
ates a certain amount of dislocations, and as the amount
of pre-strain increases, the density of dislocations also
increases [42]. Therefore, the increase in yield strength
and tensile strength of the sheets is greater with higher
levels of pre-strain.

3.3 Analysis of anisotropic properties

Understanding the anisotropy of the 6016 aluminum alloy
sheets is essential for achieving finite element simulation
of the forming process. For the design of auto panels, the
presence of anisotropy can lead to asymmetric forces act-
ing on the structure in different directions, making it more

Table 3 Baking hardening experimental design

Baking conditions Pre-strain Angle

170 °C, 20min 0% 0°. 45°. 90°
4%
8%
12%
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Fig.6 Engineering stress—strain curves before and after baking (a) 0°, (b) 45°, and (c) 90°

Table 4 The change in yield strength

Angle Original 0% pre- 4% pre- 8% pre- 12% pre-

©) state strain strain strain strain
(MPa) (MPa) (MPa) (MPa) (MPa)

0 119 149 192 215 231

45 118 148 191 213 232

90 116 152 189 212 228

Table 5 The change in tensile strength

Angle Original 0% pre- 4% pre- 8% pre-  12% pre-

©) state strain strain strain strain
(MPa) (MPa) (MPa) (MPa) (MPa)

0 233 253 258 270 279

45 232 252 258 268 280

90 228 250 256 265 276

susceptible to damage or failure. The anisotropic properties
of the sheets in the thickness direction can be characterized
using the R-value, which can be determined from [40]:

k=< ©)

where g, is the strain in the width direction of the UTT-
specimen, and ¢, is the strain in the thickness direction of the
UTT-specimen. Assuming that the test area of the specimen
maintains constant volume during the tensile process, an
approximation can be made:

g, +e,+6=0 (6)
where €, is the strain in the length direction of the UTT-
specimen. The values of €, and ¢, are obtained through the
utilization of DIC technology, followed by subjecting them
to linear regression analysis. Noting the slope of the fitted
line as m, then R can be determined from substituting m
into Eq. 6:

@ Springer

R=-

m, + 1 )
the value of R in three directions can be derived, which are
labeled as Ry~ R,sand Ry,. Then, the average thickness ani-
sotropy coefficient R, and the planar anisotropy coefficient
AR can be determined from:

Ry +2Ry5+ Ry ®)
avg — 4
Ry —2R,5 + Ry,
2

AR = &)
R, can be used to characterize the deformation ability of
the sheet in the thickness direction. A larger R,,,, indicates that
the sheet is more difficult to deform in the thickness direction,
which is advantageous for deep drawing processes. On the other
hand,AR represents the uniformity of deformation within the
plane of the sheet. A smaller AR indicates that the strain dif-
ferences in different directions within the plane of the sheet
are smaller, resulting in higher uniformity of stretching defor-
mation, which is favorable for deep drawing in stamping pro-
cesses. Based on the experimental results shown in Table 6, the
R-values of the 6016 aluminum alloy sheets vary significantly in
different directions, with the highest R-value in the 0° direction
and the lowest in the 90°direction, resulting in a difference of
0.25. The value of R,,, and AR are 0.55 and 0.20. A relatively
small AR indicates that the in-plane anisotropy can be neglected,
which is consistent with the conclusion obtained from Fig. 5.

4 Construction of stress-strain relationship
model

The stress—strain relationship model, i.e., strain-hardening
equation, is used to characterize the variation of true stress
with true strain in materials. It is one of the fundamental
models for describing the mechanical properties of materials
and is particularly important for the study and application of
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Table 6 The value of R

Angle 0 45 90
®
R 0.70 045 0.60

automotive aluminum alloy sheets. Currently, these models are
widely used in strength prediction and forming simulations of
automotive aluminum alloy sheets.

The strain-hardening equations have been classified into
two categories: saturated and unsaturated. In the following sec-
tion, the differences between the two types of models will be
illustrated by using the Hollomon model and the Voce model
as representatives, and exploring which type of model is more
suitable.

4.1 The hollomon model and the voce model

This section focuses on fitting the true stress—strain curve
obtained from the uniaxial tensile tests. The objective is to
construct the Hollomon model and the Voce model, and to
compare the fitting results of these two models.

The Hollomon model has been described in Sect. 3.2 [43],
the stress—strain fitting equation is shown in Eq. 4, and the
fitting results for n are presented in Table 2. The fitting results
for K are shown in Table 7.

The stress—strain fitting equation for the Voce model is as
follows[44]:

6 =A+B(l —e %) (10)

where o is the true stress, € is the true strain, A. B. C
are the undetermined parameters. The fitting results for the
model are shown in Table 8.

The stress—strain curves obtained by fitting the Hollomon
model and the Voce model in three directions are compared
with the true stress—strain curve during the uniaxial tensile
tests, as shown in Fig. 7. Within the strain range involved in
the uniaxial tensile tests, where the true strain is less than 0.25,
both the Hollomon model and the Voce model exhibit a high
degree of overlap with the experimental curve, indicating a
good fitting effect. However, the stress—strain curve obtained
by the Voce model exhibits an even higher degree of over-
lap with the experimental curve, making it more suitable for
constructing the stress—strain relationship model for the 6016
aluminum alloy sheets within this strain range.

Table 7 Hollomon model

k-value fitti 1t fnele o

-value fitting results ©) (MPa)
0 435.3
45 428.8
90 425.4

4.2 Comparison of fitting effects within a larger
strain range

In the shear test, the sheet can generate a larger strain com-
pared to uniaxial tensile test. Therefore, the true stress—strain
curve obtained from shear test can be used to validate and
compare the fitting effects of the Hollomon model and the
Voce model within a larger strain range.

During the experimental process, the average shear angle
of the shear zone in the ST-specimen was measured utiliz-
ing DIC technology. The tangent of the shear angle was then
calculated to obtain the shear strain. The shear stress can be
determined from:

F
r= an
lo‘to

where F is the applied tensile force on the specimen, [ is the
initial length of the shear zone, and ¢, is the initial thickness
of the ST-specimen.

‘When the sheet is in a shear state, the shear strain and shear
stress can be converted to uniaxial tensile strain and stress
using the following equation [40]:

e=e/\V3 (12)

c=1-13 (13)

where ¢ is the uniaxial tensile strain, e is shear strain, o is
uniaxial tensile stress, and 7 is shear stress. This converts
the shear stress—strain curves into the uniaxial tensile true
stress—strain curves. Using this curve, the fitting effective-
ness of the Hollomon model and the Voce model for the
6016 aluminum alloy sheets obtained from the uniaxial
tensile test are verified and compared within a large strain
range, as shown in Fig. 8. Within the strain range involved in
the shear test, i.e., true strain less than 0.6, the stress values
of the 6016 aluminum alloy sheets gradually approach a sta-
ble value as the strain increases, and the stress—strain curve
becomes flat. Therefore, the saturated models represented by
the Voce model are more suitable for the stress—strain rela-
tionship model of the 6016 aluminum alloy sheets, whereas
the unsaturated models represented by the Hollomon model
show continuously increasing stress values with increasing
strain, without reaching a saturated state. This is inconsistent
with the stress—strain change law of aluminum alloys, and

Table 8 Fitting results of the

Angle A B C
voce model ©) (MPa) (MPa)

0 116.2 1905 103

45 1164 1893 9.7

90 1149 187.8 10.1
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Fig.7 Comparison of fitting effects (a) 0°, (b) 45° and (c) 90°

the fitting curve of the unsaturated model cannot overlap
with the experimental curve within a large strain range, mak-
ing it unsuitable for the stress—strain relationship model of
the 6016 aluminum alloy sheets.

The reason why the Voce model curve does not com-
pletely overlap with the experimental curve is that, in the
shear zone of the ST-specimen, there are still small amounts
of other forms of strain paths besides shear strain. Addition-
ally, as the shear strain increases, the length of the shear
zone also undergoes slight changes. Therefore, within the
allowed error range of the experiment, it can be approxi-
mately assumed that the two curves overlap.

To further enhance the model's ability to fit true
stress—strain curves, the Voce model was improved to a
combined Voce + Voce model, enhancing the model's fit-
ting effectiveness by increasing the number of parameters
to be determined. The stress—strain fitting formula for the
Voce + Voce model is presented in the following equation:

6 =A+B(l -e )+ D(1 — ) (14)

where o is the true stress, € is the true strain,
A. B. C. D. E are the undetermined parameters. The
fitting results for the model are shown in Table 9.

The fitting curves of the Voce + Voce model in three
directions are compared with the true stress—strain curves,
with the results shown in Fig. 9. The stress—strain curves
obtained through the Voce 4+ Voce model fitting closely align
with the true stress—strain curves, achieving the intended
improvement in fitting accuracy also enables precise predic-
tion of the stress—strain relationship within a larger range of
strains. Furthermore, the fitted curves exhibit a smoother
profile compared to the experimental curves, which, to a
certain extent, mitigates the impact of factors like vibra-
tions at the gripping ends of the tensile machine during the
testing process.

5 Analysis of critical failure state
for different strain paths

The significance of studying the critical failure states under
different strain paths of aluminum alloy sheets lies in gain-
ing a deeper understanding of their mechanical properties
and failure mechanisms under various strain conditions. In
the plastic processing of aluminum alloys, failure behavior
mainly includes phenomena such as necking, fracture, and

(c)
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Fig. 8 Comparison of fitting effects within a larger strain range (a) 0°, (b) 45°, and (c) 90°
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Table 9 Fitting results of the Voce + Voce model

Angle A B C D E
©) (MPa) (MPa) (MPa)

0 129.3 104.2 17.1 79.3 6.0
45 124.1 108.0 15.2 102.1 32
90 127.9 61.4 21.6 121.1 8.4

crack propagation, all of which are influenced by the strain
path. By studying the critical failure state under different
strain paths, it is possible to evaluate the crack resistance
and deformation characteristics of the 6016 aluminum alloy
sheets during plastic processing, and to reveal the failure
mechanisms and inherent differences of the 6016 aluminum
alloy sheets under different strain paths.

5.1 Critical thickness measurement of uniaxial
tensile strain state

In the actual use of aluminum alloy sheet, when necking
occurs, although the cross-section of the component has not
yet fractured, it begins to shrink rapidly, and there are hid-
den defects in the component. Therefore, the occurrence of
necking represents the failure of auto panels. The critical
thickness of the failure of auto panels can be characterized
by the thickness of the aluminum alloy sheet at the onset of
necking. The onset of necking can be determined using the
strain rate curve, as shown in Fig. 10.

Utilizing DIC technology, the thinning rate of the thick-
ness at the onset of necking was observed and measured
during the uniaxial tensile test. The results are shown
in Table 10. The average thickness at the onset of neck-
ing for UTT-specimens in three directions ranges from
0.80 to 0.85mm, yet there is significant data fluctuation,
resulting in considerable variability in the thickness reduc-
tion rate at the onset of necking for each direction of the
UTT-specimens.

350 350

In addition, utilizing DIC technology, the fracture thick-
ness of the UTT-specimens was measured at the moment of
fracture. This provides valuable reference information for
the actual production and use of aluminum alloy auto panels
under uniaxial tensile conditions. The results are shown in
Table 11. The results indicate that the average thickness at
fracture ranged from 0.63 to 0.65mm.

5.2 Critical thickness measurement of plane strain
state

Plane strain test is also a common method in material
mechanics, mainly used to study the failure and forming
limit characteristics of materials under plane strain. During
the tensile process of PST-specimen, the DIC technology
was utilize to measure the major and minor strain data in
the concentrated plane strain region. Based on this, the loga-
rithmic major strain and logarithmic minor strain curves are
plotted as a function of time (taking sample 1 in the 0° direc-
tion as an example), as shown in Fig. 11. The horizontal axis
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Table 10 Thickness of the UTT-specimens at the onset of necking

Table 12 Thickness of the PST-specimens at the onset of necking

Angle Thickness Reduction rate Thickness Angle Thickness Reduction rate Thickness
© (%) (mm) © (%) (mm)

0 15.59 0.8441 0 19.09 0.8091
45 19.80 0.8020 45 20.92 0.7908
90 16.38 0.8362 90 19.31 0.8069

Table 11 Thickness of the UTT-specimens at the onset of fracture

Angle Thickness Reduction rate Thickness
©) (%) (mm)

0 35.21 0.6479

45 36.25 0.6375

90 36.05 0.6395

1/, T€presents the normalized time parameter, 7 represents
the current testing time, and ¢, represents the fracture time
of the PST-specimen.

During the loading process of the PST-specimen until frac-
ture, the major strain increased continuously with time, while
the minor strain remained approximately zero throughout this
process, which can be neglected compared to the major strain.
This phenomenon indicates that the principal strain path in the
concentrated plane strain region of the PST-specimen is plane
strain, confirming the reliability of the experiment.

The method used in Sect. 5.1 was employed to determine
the onset of necking in the PST-specimens. The thinning rates
of the specimen were measured, and the results are presented
in Table 12. The experimental data for the thickness at the
onset of necking in the PST-specimens in different directions
exhibit high consistency. The average thickness at the onset of
necking ranges from 0.79 to 0.8 1mm.
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—— Minor strain

0.15 1

Strain
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-0.05 T
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Fig. 11 Major and minor strain of the PST-specimen
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Table 13 Thickness of the PST-specimens at the onset of fracture

Angle Thickness Reduction rate Thickness
©) (%) (mm)

0 34.04 0.6596

45 34.97 0.6503

90 34.95 0.6505

The fracture thickness of the PST-specimens was measured
utilizing the DIC technology to obtain the maximum thickness
reduction rate that the 6016 aluminum alloy sheets can with-
stand before fracture under plane strain. Measurement results
are shown in Table 13, the average thickness at fracture of the
PST-specimens ranged from 0.65 to 0.66mm.

6 Conclusions

The main objective of this study is to investigate the mechani-
cal properties and forming characteristics of the 6016-T4
aluminum alloy sheets used for auto panels through tensile
tests under different strain paths. Based on the aforementioned
research, the following conclusions can be drawn:

(1) The 6016 aluminum alloy sheets have a small yield ratio
and a large strain hardening index, with average values
of 0.510 and 0.263 at different angles. Additionally, they
can be considered isotropic in-plane, which is beneficial
for forming. Pre-straining and baking can enhance their
mechanical properties, with the degree of improvement
increasing with higher levels of pre-strain.

(2) The saturated model represented by the Voce model is
more suitable for the 6016 aluminum alloy sheets than
the unsaturated model represented by the Hollomon
model. Further improvement was made to the Voce
model by enhancing it into the Voce + Voce model,
which involved increasing the number of fitting coef-
ficients to enhance the model's fitting performance.

(3) For the Imm thick 6016 aluminum alloy sheets, under
uniaxial tensile strain path, the average thickness at the
onset of necking ranged from 0.80 to 0.85mm, while the
average thickness at fracture ranged from 0.63 to 0.65mm.
Under plane strain path, the average thickness at the onset
of necking ranged from 0.79 to 0.81mm, and the average
thickness at fracture ranged from 0.65 to 0.66mm.
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