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The goal of the present work is evaluated mechanical properties and forming limit diagrams of ambient
rolled aluminium alloy based on AlMgSi. Forming limit diagrams are convenient and often used as a tool for
the classification of the formability and the evaluation of the forming process of sheet materials. Forming limits of
sheet metal are represented in the forming limit diagrams occurring by various deformation states. The most widely
used type is the Keeler–Goodwin diagram. Input data got from static tensile test are important for formability
evaluating of the thin sheet by mathematical simulations, such as tensile strength, yield strength, elongation,
and the strain hardening exponent. The result is a consideration of the suitability of the material for stamping
technology.
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1. Introduction

Aluminum Al–Mg–Si systems are age-hardened alloys
with precipitates 〈Mg; Si〉 which are used in many in-
dustries, especially in the automobile one [1, 2]. These
alloys are used for forming automotive parts. AlMgSi
alloys are announced as EN AW 6000 series alloys. Mg
and Si are the major content in these alloys, which in-
crease the strength of the material by the formation of
strengthening agents (precursors to Mg2Si) during the
paint–bake cycle. Mg increases the strength, hardenabil-
ity, and corrosion resistance. Si increases the strength of
the solid solution and also to a lesser extent the corrosion
resistance. Alloys intended for forming have a quantity of
Mg < 8% and Si < 1% [3–7]. Heat-treatable AlMgSi al-
loys are considered as the most promising candidates for
high-strength automotive body panels due to their high
strength-to-weight ratio, good formability, and resistance
to corrosion. These alloys display a significant increase in
hardness during the heat treatment. Heat-treatment is
important for a formation of large numbers of nanosized
semicoherent metastable precipitates that slow down dis-
location movement in the host material [8–12].

The forming limit diagram (FLD) as an essential tool
is applied to predict the onset of necking in sheet metal
forming operations. Limit strains are the maximum
strains which were in sheet metals before the onset of
necking. The FLD is a plot of the forming limit strains
in the space of principal (in-plane) strains. In the discus-
sion that follows major and minor limit strains refer to
the maximum and minimum values of the in-plane princi-
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pal limit strains, respectively [13]. The major limit strain
is usually represented by the vertical axis and the minor
strain by the horizontal axis [14]. For creating FLD di-
agram we can use two different approaches. The first
method is manually applying a grid to the surface of the
sample which is defining the various changes in the di-
mensions of the elements. The second method currently
most used lies in the application of contrasting points on
the surface of the sample. This surface is scanned using
high-resolution cameras and the image is evaluated in
the software that operates on the principle DIC method
[15–17].

In this paper there are obtained mechanical proper-
ties and microhardness of aluminium alloy. Formabil-
ity of aluminium alloy can be characterized by FLD dia-
grams. FLD diagrams may be formed by a DIC method
in ARAMIS software. For monitoring deformation in a
real time there was used the videoextensometric system
by Horizon Videoextensometer.

2. Experimental procedures
As experimental material there were used EN AW 6000

series aluminium alloys based AlMgSi, both in a T4 heat
treatment state according to DIN EN 515. Experimental
material was cold rolled to a thickness of 2 mm. The
static tensile test was conducted by standard STN EN
ISO 6892-1 on the tensile test machine. In the static ten-
sile test static conditions were used and speed of equip-
ment movement was 0.13 mm/s. A chemical composition
of aluminium alloys is shown in Table I.

The samples were prepared in three different directions
towards the rolling direction (0◦, 45◦, 90◦) — Fig. 1. Me-
chanical properties were evaluated by tensile test — yield
strength (YS), ultimate tensile strength (UTS), elonga-
tion (A80) and strain hardening index (n). To obtain de-
formation maps from which FLD diagrams were created
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TABLE I

The local chemical analysis [mass%].

Material Si Fe Cu Mn Mg Cr Al
A 1.24 0.214 0.072 0.126 0.347 0.026 97.8
B 0.87 0.189 0.138 0.155 0.571 0.008 97.7

it was necessary to create a special type of the samples,
which were published at work [6].

Fig. 1. Schematic showing the three principal direc-
tions in a rolled plate for determining anisotropy.

3. Results and discussion

Figure 2 is a diagram of the ultimate tensile strength
and the yield strength for both types of materials. The
mechanical properties were measured in three different
rolling directions 0◦, 45◦ and 90◦. The graph shows that
samples with a higher silicon content reached lower val-
ues of mechanical properties. The differences in elon-
gation were not as pronounced. They differ by about
3%. The differences of mechanical properties in differ-
ent rolling directions are minimal. The samples taken
in the rolling direction exhibited about 15 MPa higher
of strength properties, and the elongation was the same.
Higher content of Cu in material B increases the mechan-
ical properties. This results in a finding that the samples
taken in the rolling direction are most suitable for the
stamping processes, irrespective of the chemical compo-
sition.

Figure 3 shows a plot of elongation and the strain
hardening exponent according to the direction of rolling.
The strain hardening exponent was determined from 5%
strain according to ISO 10275:2007. Based on the picture
it can be stated that the elongation was approximately
the same in all samples. According to Zhong et al. the
values of the strain hardening exponent are almost the
same at different ratios of Mg:Si. This is confirmed by the
measurement with the result that the ratio of Mg:Si does
not have a uniform effect on the course of deformation.

Microhardness was monitored in mentioned ways to
the rolling directions. The result that the rolling direc-
tion does not have effect on microhardness, is confirmed
by the box plot (Fig. 4). Microhardness between the al-
loys varied by ∆15 HV.

Fig. 2. A comparison of the yield strength (YS) and
ultimate tensile strength (UTS).

Fig. 3. A comparison of exponent strain hardening a
ductility.

In Fig. 5 deformation maps made by Aramis software
for 5 different radii of curvature are shown. As seen with
increasing radius is the maximum deformation concen-
trated into the center of the sample. The smallest radius
of curvature (R5) was the maximum deformation of the
material A — 33% and material B — 25%. On the ra-
dius, R40 was the maximum deformation for materials A
— 71% and for material B — 57%. From the compari-
son of the two materials is seen that the material A has
a greater crack resistance.

Based on the deformation maps, FLD diagram can
be created for both materials (Fig. 6). The area above
incurred curves gives us the values that are at risk for
making cracking. Points are limits before disrupting the
samples in a tensile test. The position of these points is
greatly influenced by the speed of the movement of tensile
machine and thickness of the material. These parameters
are the same, so we can conclude that the difference in the

Fig. 4. A comparison of microhardness.
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Fig. 5. The deformation maps for different radii of
specimens.

Fig. 6. Left side of FLD diagram.

position of the curve is due to the chemical composition
and especially ratio of Si:Mg. This difference increases
with increasing curvature radius of the samples. FLD
diagram has a function to highlight the risk of cracking.

4. Conclusions

In the present study mechanical properties of alu-
minium alloys based AlMgSi are compared. According
to this study, the following conclusions can be made:

• The effect of the rolling direction has very little
effect on the mechanical properties of these alloys.

• Significant effects on the mechanical properties has
the ratio of Si:Mg, where can be seen that with in-
creasing ratio mechanical properties are decreasing.

• The resulting FLD diagram for stamping processes
is more suitable for alloy “A”, because it has a
greater safety area.
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