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Abstract

The present study focus on the influence of multiple forging
(MF) on the tensile behavior of 6082 aluminium alloy, where
the MF specimens were achieved using multi-step closed die
forging. Cylindrical tensile specimens were machined from the
MF specimens then subjected to tensile testing. Beside the main
target of the study, the effect of MF on microstructure homo-
geneity and the fracture surface of the samples were studied
using hardness testing, optical and scanning electron micros-
copy respectively.

The results show the influence of MF on the tensile strength
and the maximum elongation; with increasing passes of MF the
strength increases while the maximum elongation decreases.
The hardness measurement results demonstrate the structure
homogeneity, the fractography pictures show ductile fracture
of the specimen, and the micrographs describe the microstruc-
ture development during MF process.
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Introduction

The 6xxx aluminum alloys have moderate to high strength
and very good corrosion resistance. Because of this properties
it is suitable for wide range of applications including structure
elements of buildings, marine application, machine parts and
other applications [1]. Because of these advantageous char-
acteristics several methods were established to improve the
mechanical properties. Ones of them are the so-called sever
plastic deformation (SPD) techniques [2, 3, 4, 5], where the
material undergoes high extent of plastic deformation that
leads to grain refinement, up to 100~1000 nm average size and
improve several physical and mechanical properties [6, 7].

MF is a SPD method of formation nano or ultra-fine grained
bulk billets where the materials undergo several passes of
forging with change of deformation axes [3, 8]. The possibility
of the production of large—size specimens is the biggest advan-
tage of the method compared with other SPD techniques; how-
ever it has less structure homogeneity [3]. Formerly Valiev et.
al. [3] and Ringeval et al. [9, 8] used free forging operations
or open die forging respectively to perform the MF process. In
this work closed die was used; Figure 1 shows the principles
for first and second pass which can be repeat as it is desired.
The main reason for the choice of closed die forging that the
specimen’s shape remains nearly unchanged even after several
passes of deformation because of the constrained deformation.
On the other hand comparing the upsetting to the same height
reduction in open and closed dies, in case of the letter one the
deformation is higher. In this case the material is constrained
to fill the tool cavities, which gives rise to plastic deforma-
tion, while by open die forging the material flow is much less
constrained.

The strength and ductility of materials were investigated by
tensile test as a widely used inspection method [10] The tensile
tests show that the material after SPD have increased strength
and decreased but still significant ductility [11, 12, 13, 14, 15].
The hardness as another strength related mechanical property
can be used to characterize the homogeneity of the microstruc-
ture [12].
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The aim of our work was to investigate the tensile behav-
ior and the material structure development during multi-step
MF of 6082 aluminium alloy. Tensile tests were carried and the
hardness distribution in the samples’ cross section were inves-
tigated before the forging and after each deformation steps. The
fractured surface of the material were studied by scanning elec-
tron microscopy.

Material and the experiments

Material Table 1 shows the chemical composition of the
tested 6082 aluminium alloy. The initial material was received
as hard extruded rod 20 mm in diameter and was cut to 100 mm
long specimens.

Multiple forging (MF) The principle of our method is to
subject the workpiece (020x100 mm) to several cold forging
passes while between the passes it is rotated by 90 degrees along
its longitudinal axes. The die’s shape constrains the deforma-
tion of the materials in every directions: there is no significant
longitudinal deformation and the cross sections geometry after
each pass is approximately the same (24.1 X 13.25 mm). The
steps were repeated five times. Figure 1 shows the schematic
figure of the dies and the principle of the process which was
applied during experiments.

Tensile and hardness test. The samples for tensile test were
prepared in the longitudinal direction of the workpiece. The ten-
sile tests were performed by an MTS 810 universal mechani-
cal testing machine with constant cross head velocity (5 mm/s)
at room temperature. Figure 2 shows the tensile specimens’
dimensions.

Vickers hardness was measured using 5 kg (HV5) main load
to investigate the hardness distribution in the cross section. For
these measurements the specimen were cut, and the surface was
grinded and polished. Each cross section was tested in 7 spots
(see Figure 5) with minimum 10 measurements in each one.

Fractography and microscopy. After the tensile testing the
fractured surface of samples from the initial material and from
every step were investigated. In order to analyze the fracture
behavior scanning electron microscopic (SEM) images were
made in the characteristic points of the tensile fracture surfaces.
For the optical microscopy the specimens were cut, grinded,
polished, and chemical etched with Keller’s reagent to reveal
the grain boundaries.
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Fig. 1. The schematic 3D view of the tools and the workpiece and the
principle of multiple forging using closed dies.

10

S
wn

& 10

Fig. 2. Tensile specimens’ dimensions (all dimensions are in mm)

Tab. 1. Chemical composition of the 6082 aluminium alloy (according to EN AW-6082)

Material Mg Si Mn Fe Ti Cu Zn other each  other total Al
0.6 0.7 0.40
max max max max max max
WT% - balance
0.5 0.10 0.1 0.2 0.05 0.15
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Finite element simulation. The MF process was analyzed
using finite element (FEM) method. By the calculations the
updated Lagrangian method and the von Mises yield criteria
was used with a rigid-hardening plastic material model. 4-node
isoparametric tetrahedral elements were used with global
remeshing. The dies were considered as rigid bodies, and the
temperature were kept constant. The simulations were per-
formed using Simufact Forming software.

Results and discussions

Tensile test

Figure 3 shows the engineering stress - strain curve for ini-
tial material and all MF-ed specimens. The evaluated results of
the test, the tensile strength R , yield strength R, as well as
the maximum elongation Eu, are shown in the Figure 4. This
two figures display the effect of MF on the material. The ini-
tial material has lowest strength and highest elongation. The
yield strength increases and the elongation decreases notably
after first pass, then a small interval fluctuation can be observed
in the following passes. We can state that the tested mechani-
cal properties don’t change remarkably after the 2" pass: the
strength and the ductility are varying about constant values.
The tensile strength should have increasing tendency as the
total strain increases, which cannot be seen in our results. An
explanation of this deviation can be that recrystallization or
recovery was taking place during the 3% and 5" passes.

Hardness measurements

The hardness results of the MF steps show similar tendency
to that of tensile results. There are quite considerable rise in
hardness after the first pass, then it has slightly change.

The specimens’ cross sections were divided to seven areas
and minimum 10 measurements were taken in each one as it is
shown on Figure 5. The results of the hardness test measure-
ments were compared with the distribution of the equivalent
plastic strain calculated by FEM as illustrated on Figure 5. It
is clearly shown that the distribution of plastic strain and HV5
are similar in the cross section.
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Fig. 3. Engineering stress - strain curve for initial and MF passes
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Fig. 4. Tensile strength (R,,,), yield stress (R ) and maximum elongation

(E,) after multiple forging.

Figure 6 displays the mean hardness values over the passes.
The error bars show the standard deviation value. The mean
values show the overall change on the hardness, which is in
correspondence with the tensile test results — there is not sig-
nificant hardening after the second pass. The standard deviation
indicates the homogeneity of the microstructure in the cross
section. According to this latter it can be said that the second
and third pass have the maximum structure homogeneity com-
paring to the other MF passes.
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Fig. 5. a) The equivalent plastic strain distribution in the specimen’s cross section and
b) the mean value of HV5 hardness test measurements after the 2" pass.
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Fractography and microstructure pictures

Figure 7 shows the fractured surfaces after the tensile test.
It can be stated that no significant difference can be found
between the samples and in every case the material’s behavior
was rather ductile than brittle.

The refinement of crystallites can be observed by optical
microscopy. Figure 8. shows the microstructure of the ini-
tial state and after four passes of deformation in characteris-
tic regions of the cross section. It can be stated that initially
grains have approximately equiaxed shape with a size of 20 um
in average. During the deformation the grain size decreases

and after four passes there are strongly elongated grains with
significantly finer grain size that the original one.

Summary

In the present study the Al 6082 alloy was multiple forged in
closed dies up to 5 passes. The mechanical properties, micro-
structure homogeneity, as well as fractured surface of the tensile
specimens of the initial and the deformed material were investi-
gated. The results can be summarized as follows:

1) The yield strength increases notably after first pass and after
the second pass the mechanical properties don’t change
remarkably.

2) By the samples forged 3-5 times a small interval fluctua-
tion of the mechanical properties can be observed. A pos-
sible explanation of it can be the recrystallization or recov-
ery during the forging.

3) The hardness measurement show the same trend as tensile
testing: there is not significant hardening after the second
pass.

4) In correspondence with the finite element calculations the
hardness measurements show that the deformation is not
homogeneous in the cross section. The second and third
passes have the maximum structure homogeneity compar-
ing to the other MF passes.

5) The fractography indicated that material’s behavior was
rather ductile than brittle even after five passes of defor-

mation.

Fig. 7. SEM images of the fractured surfaces after the tensile test. a) initial material, b-f) MF specimens ( b) — after first, f) — after the fifth step)

Fig. 8. Microstructure development during MF using optical microscopy; microstructure of the initial material and after the forth pass.
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