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Abstract — Digital image analysing methods are widely
used for evaluating local deformations in sheet metal
tests and forming processes. The paper is focusing on
tensile tests of uniform and non-uniform width flat
specimens made of aluminum alloys, which are
suitable for demonstrating Liiders strain, Portevin-Le
Chatelier (PLC) effect and for determination of
Forming Limit Curve. Tests were carried out using
GOM-ARAMIS® digital image analysis hardware
and software. Observation of local deformations
during tensile tests showed that initiation and
evolution of local strains depend on the position of
specimens related to rolling direction of sheet. Using
non-uniform width specimens the local deformations
are concentrated on the smallest cross-section in the
final stage of tensile test. The measured major and
minor strains give points of FLC.

I. INTRODUCTION

Digital image analysing methods are widely used for
evaluating local deformations in sheet metal tests and
forming processes. During tensile tests mainly Liiders
effect, phenomena of serrated yielding and diffuse or
local necking can be observed. Sheet metal forming tests
— for example Erichsen- and dome-test, determination of
forming limit curve (FLC) — are often analysed also with
digital optical methods.

Measurement of local deformations can be carried out
by different patterns applied on the surface. These
patterns might be either regular (circle grid analysis,
CGA) or random, like speckles on a painted base color
which form a stochastic intensity pattern on the object
surface. The basic method used for evaluation of patterns
is Digital Image Correlation (often referred to as “DIC”)
which measures deformation on an object’s surface.

The metallographic phenomena studied in this paper
are Liiders-bands and serrated yielding during tensile test
using test specimens of different shaped (with uniform
and non-uniform  cross-section). The theoretical
background of these subjects are the followings.

A. Principle and Application of Digital Image
Correlation

The approach for determining surface deformation

using digital image correlation technique has started from
the 1980s, later the solutions have been improved by
many researchers and companies [1]. Nowadays, several
applications of this method to various problems can be
found, such as in studies of material testing, metal
forming, wood and polymer testing, stress analysis or in
large scale measurements of aerospace, automotive,
marine, railway and civil engineering components. Two
basic solutions are available, the 2D measurement for
plane specimens and 3D systems for spatial components.
In both cases displacements are directly detected from
digital images of the surface. The 2D plane surface can be
observed by one digital camera while for spatial (3D)
measurements 2 or 4 cameras are used. During tests the
images on the surface of the object are recorded, digitized
and stored in a computer. Usual test speed is 10-50
frame/sec depending on the process. These images are
compared to detect displacements by searching matched
points from one image to another. From these
displacements the principal strains can be evaluated.
Many companies offer ready-made hardware and
software solutions for material testing applications. For
example, Instron® DIC Replay Software [2] is a self-
contained 2D package which creates pictures that can be
used to visualize strain and displacement over the full two
dimensional surface of the tensile test specimen. The
GOM-ARAMIS® measuring system [3] is using random
pattern (speckles) on the surface to determine material
properties. These are for example Young’s modulus, r-
and n-value during tensile tests, forming limit curve
determination by Nakajima test. The other GOM
solution, ARGUS formability system is the automated
version of circle grid analysis which can be used for
measuring of local deformations in sheet metal forming.
In this case a regular circle grid is applied in a plane
surface, then deformation process is carried out and
finally local strains are calculated. The VIALUX
AutoGrid® in-process device [4] applies CGA method
and measures the specimen while it is being test loaded,
so the system supports the recording of deformations and
strains during a forming process. For the measurement of
forming limit curves (FLC) four cameras observe the
specimen from different perspective views, after
deformation the software automatically evaluates the
FLC. Many authors have been analysed the effect of grid
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size on the results, for example [5] showed that change in
mesh size of 0,5, 1 and 2 mm influences the form of FLC.
Detailed survey can be found in [6] for specimens with
speckled pattern, where the authors compared the results of DIC
method with strain gage measurements in case of tensile and
compression tests.

B. Introduction to Liiders Effect and Serrated Yielding

Al-based alloys are extensively used in the automotive
industry due to their low density, high strength, and good
formability [7,8]. These properties are advantageous from
a manufacturing point of view. However, the
heterogeneous deformation of Al-based alloys (even 5xxx
series) subjected to a high strain gradient represents a
major drawback of these materials. This phenomenon
leads to undesirable visible traces on the surface of the
final products. The induced heterogeneous deformation
can be classified into two general categories: the Liiders
effect and the Portevin-Le Chatelier (PLC) effect [9,10].
The visible presence of Liiders effect is that the stress—
strain curves show a plateau just after the end of elastic
deformation. This is called the yield-point phenomenon,
and the elongation which occurs at constant stress is
called the yield-point elongation or Liiders strain. The
deformation throughout the Liiders elongation is
heterogeneous. With the occurrence of Liiders elongation,
a Liiders band can be visible passing along from one end
of the sample to the other. The Liiders effect results from
the dislocation pinning/unpinning effect arising from
Cottrell atmosphere constraints and the collective or self-
organized dislocation multiplication and motion. Serrated
yielding occurs on the part of stress—strain curves after
the Liiders elongation because of the PLC effect. This is
typically attributed to dynamic interactions between
mobile dislocations and diffusing solutes (i.e., dynamic
strain ageing, DSA). In AIMg alloys the serration
intensity increases with an increase in Mg content. The
Liiders effect and serrated yielding can be associated with
tensile stress-strain diagram, which can be seen on Fig. 1.
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Fig. 1. lllustration of Liiders strain and serrated yielding

Both phenomena can be visualised on the surface of
tensile test specimens by digital image correlation
methods [9-13]. The mentioned papers are focusing on
AlMg alloys and they are discussing both Liiders effect
and serrated yielding. From the time-dependent digital
images the velocity and evolution of Liiders bands can be
evaluated. Similarly the serrated yielding is identified and
characterised. The other possibility for characterising
serrated yielding can be connected to tensile stress-strain
diagram. The shape, magnitude and frequency of
serrations have been analysed in the literature in details
[14-18].

II.  EXPERIMENTS

The materials for this investigation are AA3014 and
AA5182 aluminum alloys. Their chemical composition is
listed in Table 1.

Table 1. Chemical composition of alloys

Si Fe Cu Mn Mg Zn

AA3004
AA5182

0,269 0,482 0,153 0,796 1,200 0,044
0,127 0,255 0,053 0,259 4,930 0,044

Samples for tensile testing were cut along the rolling
direction (RD, 0°), transverse direction (TD, 90°) and
diagonal direction (DD, 45°). The tests were carried out
using uniform and non-uniform width specimens. The
measuring area of standard uniform width specimens was
80x20 mm. Fig. 2. shows the dimensions of a non-
uniform width specimen, where appropriate radii from 5
to 40 mm were applied to establish different major/minor

strain ratios.
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Fig. 2. Shape of test specimen of non-uniform width

Tensile test results for AA 3004 and AA5182 alloys
can be seen in Table 2. Strength and formability
properties do not show significant anisotropy of sheets
except plastic strain ratio (r) in case of AA5182 sheet.

Table 2. Mechanical properties of tested alloys

Rpo.2, Rm, Ag, Aso,
AA3004 - \ipy MPa % % ’
0° 73 172 777 941 037 068
450 71 160 749 9,12 033 0,72
90° 76 158 6,15 865 033 0,71
AAS5182
0° 119 236 1033 10,53 0378 0,61
450 123 259 1626 16,53 0341 1,06
90° 124 245 13,40 13,60 0333 0,74

The novelty of tests was that the thickness of samples
were 0,22 and 0,3 mm and the average grain size was
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ranging between 25-35 pm, roughly one tenth of the
thickness. This is why the grain size effect influences the
surface roughness and the formation of bands. Nine
samples were prepared for each material using 3-3 cut in
different directions to rolling axle (RD, DD, TD). Tensile
testing was carried out on a 2 kN capacity Instron®
machine and GOM-ARAMIS software controlled the
entire process, the load versus elongation values were
stored automatically and at the meantime digital images
were recorded also by the system. Nominal strain rate
2*10 st was employed for each material.

Standard GOM-ARAMIS® technique was used for
analysing the local deformations of samples during
tensile test. The frame rate of sampling was 4/sec,
considering of the applied strain rate it means that Ae
between samples was 0,03% strain.

I1l.  EXPERIMENTAL RESULTS

A. Local deformations of tensile test specimens

About 400 frames were recorded during tensile tests
carried out with uniform-width specimens. The automatic
evaluation of GOM-ARAMIS software contains the
photo of deformed specimen with speckled pattern, the
distribution of strains and the position of measurement in
the tensile test diagram. The most interesting results of
AA3004 sheet can be seen in the followings. Fig. 3.
shows the evolution of local strains at the end of elastic
region in both directions to rolling axle. Although the
overall strain of specimens is roughly the same
(&p1=0,3...0,5%), significant differences can be observed
in different directions.

Fig. 3. Evolution of local strains (A43004)

In the region of plastic deformation (see Fig. 1.) the
intensive and less intensive strain regions are located
along the specimen. Fig. 4. shows the evolution of
deformation in three strain-steps from 3,12% to 3,24%. It
can be concluded that deformation bands are expanding
as the average strain increases, but the local deformation
areas are inhomogeneous. Fig. 5. shows that the direction
of bands to rolling direction is varying according to the
position of samples in the sheet. The angle of bands to
longitudinal axis is 55...59°, which is similar to angles

published in the literature [10, 11]. In case of AA3004
samples the orientation is symmetrically different in
rolling and transverse direction while in diagonal
direction (45°) the slope of bands might be either positive
or negative (Fig.5.a.). On the other hand the AA5182
samples show mixed orientation in both directions as
Fig.5.b illustrates this.
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Fig. 4. Evolution of deformation bands (143004)
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Fig. 5. Direction of deformation bands

B. Evaluation of plastic strain ratio

GOM-ARAMIS software allows to measure both
longitudinal and transversal strain. From these strains the
plastic strain ratio “r” can be evaluated, which

characterizes the resistance of sheet against thinning.
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Fig. 6. Plot of longitudinal and transverse strain
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Technically the R value can be calculated from the
slope of longitudinal and transverse strain line. Fig. 6.
shows the plot of strain function and the value of r, which
is given as 0,697 in RD. This is realistic value for
AAS5182 sheet, although it slightly differs from the value
calculated by conventional tensile test (see Table 2.). It
should be noted that if longitudinal and transverse strain
is measured with video extensometer using two dedicated
points in both directions, then the line of two strains is
not so smooth and linear as in case of DIC measurement
plot. This shows an additive advantage of this technique
against conventional tensile test measurements.

C. Local deformations of non-uniform samples

Fig. 2. shows the dimensions of a non-uniform width
specimen. These specimens are suitable for determination
of the left side of Forming Limit Curve (FLC), which has
a high significance in metal forming.
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Fig. 5. Deformation phases of rounded specimen

Because of the non-uniform width the deformation of
this specimen is different from those discussed former.
The left side photo of Fig. 5. illustrates the beginning of
deformation, the localization of strain can be observed in
the middle and finally on the right side the last frame is
visible before fracture. The major and minor strain can be
evaluated automatically using GOM-ARAMIS software,
the measured minor strain is -0,010 while major strain is
+0,087. From the results of more similar specimens of
different radii the left side of FLC can be plotted. The
right side of FLC can be obtained from Nakazima or
Marciniak test using also DIC technique for evaluating
local deformations.

IV. SUMMARY

Tests of AA3004 and AAS5182 alloys have proved that
digital image correlation technique is suitable for
determining local strains during tensile test of different
specimens. The alloys show the phenomena of Liiders
strain and PLC effect which can be characterized by slip
bands on the surface of sheets. Comparison of specimens
in different angles related to rolling direction showed
different slip band patterns. Additional advantage of DIC
technique is that overall longitudinal and transversal
deformation of tensile test specimens can measure better
than in case of conventional tensile tests and gives exact
information on plastic strain ratio.
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