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The aim of this paper was to investigate the influence of thermomechanical treatment (TMT) on different properties of two
commercial aluminum alloys from the 6000 series, EN AW-6060 and EN AW-6082. The investigation included changes in the
mechanical and electrical properties as well as microstructural changes during TMT. Hardness, microhardness and electrical
conductivity were studied as a function of the deformation applied after the aging treatment. The deformed samples were
compared with the quenched and aged samples. The applied deformation caused an increase in the mechanical properties and a
decrease in the electrical properties (electrical conductivity). The highest values for the mechanical properties were achieved
after a 50-% deformation. SEM/EDS microstructural investigations showed the number of precipitated phases. The ratio of
silicon and magnesium atoms in the main hardening metastable 5" phase in the deformed samples was closer to the ideal
compared with the aged ones.
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V c¢lanku avtorji opisujejo raziskavo vpliva termomehanske obdelave (TMT) na razli¢ne lastnosti dveh komercialnih
aluminijevih zlitin vrste 6000: EN AW-6060 in EN AW-6082. Raziskava je vkljuCevala spremembe mehanskih in elektri¢nih
lastnosti, kakor tudi mikrostrukturne spremembe med TMT. Zasledovali so trdoto, mikrotrdoto in elektricno prevodnost v
odvisnosti od uporabljene deformacije po staranju zlitin. Deformirane vzorce so avtorji med seboj primerjali v gasenem in
staranem stanju. Povecana stopnja deformacije je povzrocila povecanje mehanskih lastnosti in zmanjSanja elektricne
prevodnosti. Najvi§je vrednosti mehanskih lastnosti so dobili po 50 % stopnji deformacije. SEM/EDS mikrostrukturne analize
so pokazale izlocke Stevilnih faz. V primerjavi s staranimi vzorci je bilo v deformiranih vzorcih razmerje med Si in Mg atomi v

ISSN 1580-2949
MTAECY, 54(4)489(2020)

glavni metastabilni utrjevalni fazi 8" blizu idealnega.

Kljucne besede: zlitine na osnovi aluminija, EN AW-6082, EN AW-6060, termomehanska obdelava

1 INTRODUCTION

Commercial 6000-series aluminum alloys (Al-Mg-Si)
are widely used in many applications due to their
excellent properties and exceptional increase in the
strength with precipitation hardening (aging).'”” Precipi-
tation hardening can be influenced by a number of
parameters, and one of them is deformation. In order to
influence the structure by combining deformation with
aging, deformation is applied to the samples with
thermomechanical treatment (TMT). A typical thermo-
mechanical treatment of Al-Mg-Si alloys includes the
deformation of the samples before the aging but after the
solution treatment. Studies are often focused on the
conventional TMT where a severe plastic deformation
(SPD) is applied before the aging. D. Shamas et al.?
investigated the influence of TMT on mechanical pro-
perties by applying deformation after the solutionizing
and before the aging. The results showed that the values
of the mechanical properties of the deformed samples

*Corresponding author's e-mail:
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were higher by 30-60 % (T8 temper) in comparison to
the aged ones (T6 temper). G. Angella et al.” used equal
channel angular pressing (ECAP) and achieved better
precipitation and higher values for the microhardness
even after only one pass-through. D. Terada et al.'*
obtained a hardness value of about 150 HV for the
samples deformed by an accumulative roll-bonding
process after the solutionizing and before the aging at
170 °C. M. Fujda et al.'' investigated the EN AW-6063
and EN AW-6082 alloys after ECAP and the subsequent
aging. The highest hardness values were obtained after
the deformation, while the subsequent aging had either
no effect or even slightly decreased the hardness values.
E. Bobruk et al.'? obtained higher tensile-strength values
for pre-deformed samples compared with the samples
which were only aged. Z. Pakiela et al.'> showed no
influence of prior deformation on the electrical conduc-
tivity values for the aged EN AW-6201 and EN AW-6101
alloys. However, K. Majchrowicz et al.'"* confirmed an
increase in the electrical conductivity of the previously
deformed and aged EN AW-6101 alloy compared with
the aged one.
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According to the literature, research groups were
mainly focused on the study of the influence of prior
deformation on the mechanical, electrical and micro-
structural changes in aged samples. There is little infor-
mation about the influence of deformation on the
property changes to aged aluminium alloys. Therefore,
the goal of this paper is to investigate the influence of
deformation on the properties of aged EN AW-6060 and
EN AW-6082 alloys (T9 temper). Deformation was
conducted using cold rolling at relatively small defor-
mation degrees compared with the other studies.*!”

2 EXPERIMENTAL PART

Two commercial 6000-series aluminum alloys were
chosen for the experimental investigation, EN AW-6060
and EN AW-6082. The alloys were delivered from "AICu
metali d.o.0.", in the peak-aged condition (T6 temper)
and in the form of extruded rectangular bars. Their
chemical compositions were determined using an optical
emission spectrometer, Belec Compact Port, and it is
presented in Table 1. In order to remove the peak-aged
condition and obtain the O-temper, all of the samples
were subjected to annealing at 550 °C for 6 h in an
electric resistance furnace, Heraeus K-1150/2. After that,
solution heat treatment was performed at 550 °C for 1 h,
followed by quenching in water with ice cubes in order
to obtain a supersaturated solid solution (). After
obtaining the supersaturated solid solution, the EN
AW-6060 and EN AW-6082 samples were subjected to
aging at 180 °C for 5 h or 6 h, respectively. After the
aging, the samples were cold rolled at (20, 30, 40 and
50) % deformation degrees. A schematic illustration of
the applied TMT is presented in Figure 1. The properties
of the deformed samples were compared with the
quenched and aged ones. Hardness measurements were
performed on a VEB Leipzig Vickers hardness tester
with a 10-kg load and a 15-s dwell time. In addition, the
microhardness values were measured using a PMT-3
Vickers microhardness tester using 100-gf loads with a
load duration of 15 s. Both hardness and microhardness
measurements followed the ASTM E384 standard.'® An
electrical conductivity tester, Sigma test 2.063, was used
to measure the electrical conductivity. Metallographic-
phase investigations, the distribution of phases as well as
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Figure 1: Schematic illustration of the applied TMT
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the mapping of elements were investigated using a
Tescan Vega 3 LMU scanning electron microscope
equipped with an EDS X-act detector by Oxford Instru-
ments.

Table 1: Chemical compositions of the investigated alloys (w/%)

EN AW-6060 EN AW-6082

Si 0.49 0.807
Fe 0.182 0.354
Cu 0.012 0.042
Mn 0.006 0.453
Mg 0.594 0.696
Cr <0.003 <0.012
Ni 0.028 0.012
Zn 0.01 0.115
Ti 0.005 0.025
Pb <0.003 0.01

\%4 0.014 <0.003
Co <0.003 0.006
Sn <0.003 <0.003
Zr <0.003 <0.003
Al 98.62 97.45

3 RESULTS AND DISCUSSION

Figure 2 represents the influence of the deformation
degree after aging on the hardness of the EN AW-6060
and EN AW-6082 alloys. All the deformed as well as
aged only samples have higher hardness values in com-
parison with the quenched samples. The hardness grad-
ually increases for both alloys. The aged only samples
(95 HV,o) have a 69.6-% relative hardness increase
compared with the quenched sample (56 HV o) of the EN
AW-6060 alloy. The increase for the sample of the EN
AW-6082 alloy that was only aged (124 HV ) is 74.6 %
in comparison with the quenched sample (71 HVy).
Subsequently, the hardness continues to increase with the
increasing degree of deformation. The maximum values
are achieved after 40-% and 50-% deformation of the EN
AW-6060 and EN AW-6082 alloys, respectively. The
relative hardness increase of the deformed sample, rela-
tive to the quenched sample, is 78.6 % and for the aged
only EN AW-6060 sample, it is 5.26 %; for the EN
AW-6082 alloy, the relative increases are 111.3 % and
21 %, respectively.

The influence of the deformation degree on the
microhardness of the EN AW-6060 and EN AW-6082
alloys after aging is shown in Figure 3. The micro-
hardness values show the same trend as the hardness
values. The EN AW-6060 samples that were only aged
(110 HVy,;) have a 42.8-% relative-microhardness
increase in comparison with the quenched sample
(77 HVy,). The EN AW-6082 sample that was only aged
(146 HV,,) has a 55.3-% increase in comparison with
the quenched sample (94 HV,,). For both alloys, the
maximal microhardness values are obtained after the
50-% deformation. The relative increase in the micro-
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Figure 2: Influence of the deformation degree on the hardness of aged
alloys

hardness value of the EN AW-6060 deformed sample
relative to the quenched sample is 67.5 % and with
respect to the aged one, it is 17.3 %; for the EN
AW-6082 alloy, it is 101.1 % and 29.4 %, respectively.
For both alloys, electrical-conductivity values for the
samples that were only aged are higher than those for the
quenched state. The relative increase for the EN
AW-6060 sample that was only aged in comparison with
the quenched state was 7.8 %, and for EN AW-6082, it
was 7.2 %. For the EN AW-6060 alloy, all the deformed
samples have higher electrical-conductivity values com-
pared with the quenched samples. For the EN AW-6082
alloy, the 50-% deformed samples have lower electrical-
conductivity values in comparison with the quenched
state. The electrical-conductivity values significantly
decrease with an increase in the deformation degree after
aging. The minimal values are obtained at the highest
deformation degree. The relative decrease in the elec-
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Figure 3: Influence of the deformation degree on the microhardness
of aged alloys
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Figure 4: Influence of the deformation degree on the electrical con-
ductivity of aged alloys

trical conductivity of the 50-% deformed samples
relative to the aged ones is 5.42 % for EN AW-6060 and
8.39 % for EN AW-6082.

The deformation caused by cold rolling after artificial
aging led to reactions between the newly introduced
dislocations and precipitated particles presented in the
microstructure after the artificial aging. According to
S. Dadbakhsh et al.,'” the metastable 8" phase is very
effective in blocking as well as in multiplying dis-
locations. Therefore, hardness and microhardness values
increase when deformation is applied after artificial
aging, as suggested by P. Serrao et al.?’. During the
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Spectrum Mg Al Si Fe
Spectrum 1 0.41 96.98 2.28 0.32
Spectrum 3 90.15 4.53 5.32
Spectrum 4 98.3 1.7
Spectrum 5 0.47 98.8 0.73

Figure 5: SEM-EDS analyses of aged EN AW-6060 alloy (at 180 °C
for 5 h) (EDS results are in a/%)
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Spectrum 2)f
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Spectrum Mg Al Si Mn Fe
Spectrum 1 0.35 98.69 0.26 0.33 0.36
Spectrum 2 89.67 4.4 1.88 4.05
Spectrum 3 0.42 98.68 0.9
Spectrum 4 99.21 0.53 0.26

Figure 6: SEM-EDS analyses of aged EN AW-6082 alloy (at 180 °C
for 6 h) (EDS results are in a/%)

deformation, the crystal lattice is probably being
distorted due to the crystal-plane sliding. The change in
the relative orientation and position of the atoms in the
crystal lattice causes the change in the electric potential.
The movement of electrons is hindered by the distortion
of the crystal lattice. As the deformation degree
increases, the dislocation density increases by several
orders of magnitude and the electrical conductivity
decreases due to electron scattering.?!

In order to study the microstructure in more detail,
both the aged samples and the ones that were aged and
deformed at the highest degree of deformation were ana-
lyzed with SEM-EDS and compared. Figure 5 shows the
SEM microstructure of the EN AW-6060 alloy after ag-
ing at 180 °C for 5 h, along with the EDS analysis of the
precipitated phases. All the results of the EDS analysis
are given in atomic percent. The microstructure of the
EN AW-6082 alloy after aging at 180 °C for 6 h is given
in Figure 6. In both alloys, the matrix is covered with
finely dispersed particles of the metastable 5" phase, rep-
resented by Spectrum 5 in Figure 5 and Spectrum 3 in
Figure 6. The ideal ratio of Mg:Si in the 3" phase, ac-
cording to C. D. Marrioara et al.,*® is 5:6. In both sam-
ples, the ideal ratio was not achieved, probably due to
excess silicon and a lack of homogeneity. In both micro-
structures there is a phase that appears white. For the EN
AW-6060 alloy, it is the ternary AlFeSi phase and for EN
AW-6082, it is the quaternary AlMnFeSi phase due to
the presence of manganese in the alloy. These phases are
represented by Spectrum 3 in Figure 5 and Spectrum 2
in Figure 6. Slightly larger particles, black in color and
containing all the detected elements are present in both
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Spectrum Mg Al Si Mn Fe Ni
Spectrum 1 0.54 | 98.75 | 0.71
Spectrum 2 0.63 | 9736 | 1.24 | 0.27 0.5
Spectrum 3 0.69 | 99.31

Spectrum 4 97.9 0.87 1.23
Spectrum 5 83.39 | 7.09 1.87 6.98 0.67

Figure 7: SEM-EDS analyses of EN AW-6060 alloy, 50 % deformed
after aging at 180 °C for 5 h (EDS results are in a/%)

alloys. They are represented by Spectrum 1 in both Fig-
ures 5 and 6.

Figures 7 and 8 show microphotographs of the EN
AW-6060 and EN AW-6082 samples with a 50-% de-
formation after the aging. In both alloys, the matrix is

Spectrum Mg Al Si Fe Ni
Spectrum 1 0.55 98.85 0.6
Spectrum 2 0.54 98.7 0.76

Spectrum 3 0.54 98.84 0.62
Spectrum 4 88.08 3.59 6.07 2.26
Spectrum 5 0.49 99.03 0.48

Figure 8: SEM-EDS analyses of EN AW-6082 alloy, 50 % deformed
after aging at 180 °C for 6 h (EDS results are in a/%)
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Figure 9: Maps of the element distribution in EN AW-6060 deformed
by 50 % after aging at 180 °C for 5 h: a) analyzed SEM
microstructure, b) Mg, c) Si, d) Fe

covered with finely dispersed particles of the metastable
B" phase, represented by Spectrum 1 in Figures 7 and 8.
Comparing the EDS results with the ones for the aged
samples (Figures 5 and 6), it can be seen that the ratio of
Mg:Si is now closer to ideal. It can be concluded that the
deformation had a very positive effect on the distribution
of the metastable 5" phase, which resulted in an increase
in the hardness and microhardness values.

A high dispersion of particles and a good phase redis-
tribution were mentioned by other authors when defor-
mation was applied after the standard heat treat
ment. 3101419 A phase that is white in color appears again
in both samples. For the EN AW-6060 alloy, it is shown
in Figure 7 as Spectrum 4, and for the EN AW-6082
alloy, it is given in Figure 8 as Spectrum 5. It is similar
to the phase that appears in the aged samples, but in the
deformed samples, it also contains nickel. This can be
ascribed to the accelerated diffusion that allowed the
movement of nickel atoms due to deformation. To further
investigate the dispersion and homogeneity, the distri-
bution of elements in the structure was investigated with
EDS mapping. The distribution of elements in the EN
AW-6060 and EN AW-6082 samples deformed by 50 %
after the aging is given in Figures 9 and 10, respectively.

From Figures 9 and 10, it can be seen that mag-
nesium and silicon atoms were uniformly distributed
throughout the entire microstructure of the analyzed
samples, without any of clusters. Iron and manganese
atoms tend to bind with aluminum and silicon, so the
grouping of these elements can be observed in their dis-
tribution maps (Figures 9e and 10e). From the presented
figures (Figures 7 and 8), it can be concluded that there
is a grain and particle orientation in the direction of
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Figure 10: Maps of the element distribution in EN AW-6082
deformed by 50 % after aging at 180 °C for 6 h: a) analyzed SEM
microstructure, b) Mg, ¢) Si, d) Fe, e) Mn

rolling. L. Li et al.?? clearly showed the orientation of
super-pure aluminum grains after a deformation.

4 CONCLUSIONS

According to the results obtained during the investi-
gation of the effect of a thermomechanical treatment on
different properties of the EN AW-6060 and EN
AW-6082 alloys, the following conclusions can be
drawn:

e The applied TMT has a significant impact on the
mechanical and structural properties of the
investigated alloys. A greater influence of TMT is
achieved in the EN AW-6082 alloy that contains
more alloying elements.

e The hardness and microhardness gradually increase
with the deformation degree after aging (T9 temper).
The hardness slightly increases from 95 HV,, for the
aged EN AW-6060 samples to 100 HV,, after the
aging and 40-% deformation. This increase is more
evident for the EN AW-6082 alloy where the
hardness increases from 124 HV, in the aged state to
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150 HV,, after the 50-% deformation. The relative
increase in the microhardness of the deformed
samples relative to the aged ones was 17.3 % (from
110 HV,, to 129 HV,,) for the EN AW-6060 alloy
and 29.4 % (from 146 HV,, to 189 HV,,) for the EN
AW-6082 alloy.

e The electrical conductivity of the aged samples
gradually decreases with an increase in the applied
deformation. The relative decrease in the electrical
conductivity of the deformed samples relative to the
aged ones is 5.42 % for EN AW-6060 and 8.39 % for
EN AW-6082.

e The matrix of the investigated alloys is covered with
finely dispersed particles of the metastable 5" phase.
The ratio of Mg:Si in the metastable " phase in
deformed samples is closer to the ideal, indicating a
positive effect of the deformation on the distribution
of alloying elements.

e Maps of the element distribution in the post-de-
formed state show excellent homogeneity and distri-
bution of the elements. The clustering of iron, nickel
and silicon atoms is noticed while magnesium and
silicon are uniformly distributed within the matrix.
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