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The mechanical properties and the microstructures of the EN AW 6082 and EN AW 6063 aluminium alloys subjected to
pre-ECAP solutionizing heat treatment, equal channel angular pressing (ECAP), and post-ECAP artificial ageing are compared.
The quenched alloy states were severely deformed at room temperature by the ECAP technique following route Bc. Repetitive
ECAP caused formation of the ultra-fine subgrain microstructure with a high dislocation density and high strain hardening of
the alloys, thus exhibiting an improvement in strength, but also a degradation of the analysed alloys’ ductility. The application of
the optimal artificial-ageing regimes after a severe plastic deformation improved only the tensile ductility of the alloys, while
their strength was slightly decreased because the softening effect caused by the solid-solution recovery and the relaxation of the
internal stress dominated over the hardening effect caused by the expected metastable 3"~ and '-Mg,Si phase precipitation
during the artificial ageing treatment.
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Primerjali smo lastnosti EN AW 6082 in EN AW 6063 aluminijevih zlitin, raztopno Zarjenih pred stiskanjem skozi pravokotni
kanal (ECAP), po stiskanju ECAP in umetno staranih po ECAP-postopku. Zlitine v ga§enem stanju so bile mo¢no deformirane
pri sobni temperaturi s tehniko ECAP po poti B.. Ponovljena ECAP je povzrocila nastanek ultra drobnozrnate
podmikrostrukture z veliko gostoto dislokacij, velikim utrjevanjem zlitin in s tem povecanje trdnosti ter poslabSanje duktilnosti
preiskovanih zlitin. Optimalni reZim umetnega staranja po veliki plasti¢ni deformaciji je povzrocil samo izboljSanje natezne
duktilnosti materiala, njihova trdnost pa je bila zmanjSana zaradi u¢inka mehc¢anja pri popravi trdne raztopine in spros$¢anju
notranjih napetosti, ki prevladujejo nad u¢inkom utrjevanja z izlo¢anjem izlo¢kov metastabilne 8"~ in '-Mg,Si faze med
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postopkom umetnega staranja.

Klju¢ne besede: aluminijeve zlitine, ECAP, staranje, mikrostruktura, mehanske lastnosti

1 INTRODUCTION

At present, the equal-channel angular pressing
(ECAP) technique is a very effective method of severe
plastic deformation, and has been widely used for
producing ultra-fine grain microstructures of Al-based
alloys with significantly improved mechanical proper-
ties, including enhanced superplasticity, high strength,
etc.””1° The severe plastic deformation (SPD) made by
the ECAP process also markedly increases the density of
lattice defects in the solid solution, and can thus accele-
rate the precipitation process of the strengthening
particles during the post-ECAP ageing treatment applied
to the age-hardenable aluminium alloys.''"'3 However,
the ultra-fine-grained age-hardenable alloys often exhibit
low tensile ductility at room temperature. Therefore, it is
important to obtain ductility comparable to that of the
conventional coarse-grained age-hardenable Al-based
alloys.

EN AW 6063 and 6082 are the most used AIMgSi
alloys that are suitable for different miscellaneous
structural applications in the building, automotive and
aircraft industries due to their strength-modification
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options, low density, good corrosion properties, and
good weldability.'+!> The optimal combination of heat
treatment and the SPD by repetitive ECAP led to a
significantly increased strength and a relatively good
ductility of these alloys caused by the ultra-fine grained
structure formation and the strengthening precipitation of
the f'-Mg,Si phase particles during the post-ECAP
ageing treatment.*!-2!

The aim of the present work is to investigate the
effect of the SPD by repetitive ECAP and the subsequent
artificial ageing on the microstructure and the
mechanical properties of the EN AW 6082 and EN AW
6063 aluminium alloys.

2 EXPERIMENTAL WORK

The experiments were carried out on the EN AW
6082 and EN AW 6063 aluminium alloys, the chemical
composition of which is presented in Table 1. The
analyzed alloys in the form of extruded rods, subjected
to artificial ageing (T5 temper), were used as the initial
states. Prior to the deformation in an ECAP die, the
specimens of the initial states were solution annealed for
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1.5 h at 550 °C (6082 alloy) or at 510 °C (6063 alloy)
and subsequently cooled to room temperature by water
quenching. The purpose of these heat-treatment regimes
was to obtain a supersaturated solid solution.

Table 1: Chemical composition of the EN AW 6082 and EN AW 6063
aluminium alloys (w/%)

Tabela 1: Kemijska sestava aluminijevih zlitin EN AW 6082 in EN
AW 6063 v masnih delezih (w/%)

alloy Mg | Si | Mn | Fe | Zn | Cu | Al
EN AW 6082 | 0.60 | 1.0 | 0.49 | 0.21 | 0.02 | 0.06 | bal.
EN AW 6063 ] 0.44 | 0.52 | 0.03 | 0.21 | 0.02 | 0.03 | bal.

The quenched specimens were subjected to a
deformation in an ECAP die with a channel intersection
angle @ = 90°, and an arc of curvature ¥ = 37° up to 4
(6082 alloy) or 6 passes (6063 alloy), respectively. The
repetitive ECAP of the specimens of size ¢ = 10 mm x
100 mm was realized at room temperature following
route B¢ (the sample was rotated in the same sense by
90°). After ECAP, the specimens were subjected to
artificial ageing in the temperature range of 60-180 °C
as a function of time to determine the post-ECAP
artificial-ageing condition for the highest peak hardness.

The microstructures of the investigated alloys
obtained after quenching, deformation in the ECAP die,
and after the post-ECAP peak-ageing treatment were
analyzed in the central zones of the specimens’ cross-
sections using a transmission electron microscopy
(TEM). The samples for TEM were prepared from the
1-mm-thick slices that were ground and polished to a
thickness of about 0.15 mm. These slices were finally
electrolytically thinned in a solution of 25 % HNO; and
75 % CH;O0H at a temperature of —30 °C. The average
grain size of the solid solution for all the analysed alloy
states was determined according to ASTM E112.
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Figure 1: Vickers hardness of the ECAPed EN AW 6082 alloy state as
a function of artificial ageing time at various ageing temperatures
Slika 1: Vickersova trdota zlitine EN AW 6082 po ECAP kot funkcija
Casa umetnega staranja pri razli¢nih temperaturah staranja
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The influence of the severe plastic deformation by
the ECAP process and post-ECAP artificial ageing on
the mechanical properties of the analyzed alloys was
evaluated with the Vickers hardness measurement (HV
10) and a tensile test. The tensile test (the initial strain
rate of 2.5 x 10*s7!) was carried out on short specimens
(dy = 5 mm, [, = 10 mm) made from quenched, ECAP-
processed and post-ECAP peak-aged alloy billets.
Subsequently, the characteristics of the strength (Rp2 —
yield strength and R,, — tensile strength), the uniform
tensile elongation (A,), the tensile elongation (A), and the
reduction in the area (Z) were determined.

3 RESULTS AND DISCUSSION
3.1 Hardness

The Vickers hardness of the analyzed alloy states is
summarized in Table 2. Figures 1 and 2 show the
variation of the Vickers hardness of the ECAPed
analyzed alloys as a function of artificial ageing time at a
temperature range of 60—180 °C. A significant increase
in the alloys’ hardness value (by about 120 % for the
6082 alloy and about 202 % for the 6063 alloy) was
achieved by the ECAP processing of the quenched alloy
states. A post-ECAP artificial-ageing treatment was
applied to increase the hardness of the ECAPed alloys.
The ECAPed alloy state reached peak hardness after
about 60 h of the artificial ageing at 80 °C, but the
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Figure 2: Vickers hardness of the ECAPed EN AW 6063 alloy state as
a function of artificial ageing time at various ageing temperatures

Slika 2: Vickersova trdota zlitine EN AW 6063 po ECAP kot funkcija
Casa umetnega staranja pri razli¢nih temperaturah staranja

Table 2: Vickers hardness of the analyzed alloy states
Tabela 2: Vickersova trdota analiziranih stanj zlitin

post-ECAP peak-aged
60 °C | 80 °C [ 100 °C | 140 °C| 180 °C
132.5/130.7|131.1/130.5/127.3]126.6
104.41102.31103.0/102.6]/100.4| -

alloy/state Q E

EN AW 6082 | 60.2
EN AW 6063 | 34.6

Q-quenched, E-ECAPed
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maximum values were only slightly lower (by about 1.4
HV) than those of the ECAPed alloy states. The increase
of the ageing temperature from 60 °C to 100 °C resulted
in the peak-ageing-time shortening. However, the
maximum alloys’ hardness was the highest after being
aged at 80 °C. During the post-ECAP ageing at higher
temperatures (140 °C and 180 °C), the hardness of the
ECAPed alloy states was decreased in a very short time.

3.2 Microstructure

Figure 3 shows the recrystalized microstructure of
the 6082-alloy quenched state that consists of fine solid-
solution grains (average size: 14.6 um). However, very
coarse grains (average size: 115.6 um) of the recrystal-
ized solid solution were observed after the quenching of
the 6063 alloy (Figure 4).

In the case of the 6082 alloy (containing the mass
fraction 0.49 % of Mn), no considerable solid-solution

ka'
Figure 3: Microstructure of the quenched EN AW 6082 alloy state
(550 °C + water quenching), TEM

Slika 3: Mikrostruktura gasene zlitine EN AW 6082 (550 °C + gase-
nje v vodi), TEM

Figure 4: Microstructure of the quenched EN AW 6063 alloy state
(510 °C + water quenching), TEM

Slika 4: Mikrostruktura gasene zlitine EN AW 6063 (510 °C + gaSe-
nje v vodi), TEM
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Figure 5: Microstructure of the ECAPed EN AW 6082 alloy state,

TEM
Slika 5: Mikrostruktura zlitine EN AW 6082 po ECAP, TEM

grain growth during the applied solution annealing at
550 °C was prevented by the grain-boundary pinning
effect of the fine, dispersive, Mn-rich phase particles
(Figure 3; particle size: 30-300 nm). The role of these
dispersive particles is to inhibit the recrystallization
process and the matrix grain growth.??>-?> Comparing
Figures 3 and 4, it is obvious that the volume fraction of
the fine dispersive particles in the coarse-grained matrix
of the 6063 alloy (Fe-rich phase particles with the
average size of 150 nm) was lower than in the 6082-alloy
matrix. Both types of dispersive particles were mostly
distributed homogeneously throughout the equiaxed
solid-solution grains, which exhibited a relatively low
dislocation density in both quenched alloy states.
During the repetitive ECAP applied to the quenched
alloy state, the solid-solution grains were hetero-
geneously refined. A cell-dislocation substructure,
equiaxed ultra-fine subgrains, and high dislocation

Figure 6: Microstructure of the post-ECAP aged EN AW 6063 alloy
treated for 60 h at 80 °C, TEM

Slika 6: Mikrostruktura zlitine EN AW 6063 po ECAP, starane 60 h
pri 80 °C, TEM
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Figure 7: Stress-strain curves of the EN AW 6082 alloy states

Slika 7: Krivulja napetost — raztezek za razli¢na stanja zlitine EN AW
6082

density within the subgrains were observed in the micro-
structure of the ECAPed alloys (Figure 5). The average
subgrain size (180 nm) measured for the ECAPed 6082
alloy was a little bit smaller than the size of the subgrains
(220 nm) of the quenched 6063-alloy state formed
during ECAP. This was a result of the supersaturation of
the severely deformed solid solution, obtained for the
quenched 6082 alloy prior to the use of repetitive ECAP
that was higher than that obtained for the 6063 alloy with
lower Mg and Si contents. With an increase in the
content of the alloying elements in the solid solution of
the Al-based alloys, the microstructure formed after
ECAP becomes finer and the dislocation density inside
the ultrafine grains is higher.”® After the peak ageing of
the ECAPed alloy states (Figure 6), a slight dislocation
recovery was observed in the subgrains, still having a
very high dislocation density, and in the dislocation cells.
In addition, the ultra-fine subgrains grew to a size of
about 250 nm and 280 nm during the peak ageing of the
6082 and 6063 alloys, respectively.

3.3 Tensile test

The values of the tensile strength (R.), the yield
strength (Ry0.) and the tensile ductility (A,, A, Z), which
are presented in Table 3, and the stress-strain curves
shown in Figures 7 and 8, provide a comparison of the
mechanical properties determined for the quenched,
ECAPed and post-ECAP peak-aged (for 60 h at 80 °C)
states of the analyzed alloys. An elimination of the
strengthening effect of the nanoparticles of the 3"- and
B'-Mg,Si phases through their dissolution into the solid
solution of the quenched alloy states is indicated by their
low yield strength, ultimate tensile strength and high
ductility. The ultimate tensile strength and, especially,
the yield stress of the quenched alloy states increased
significantly (Ry. by about 293MPa and 283 MPa for
the 6082 and 6063 alloys, respectively) due to the
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Figure 8: Stress-strain curves of the EN AW 6063 alloy states

Slika 8: Krivulja napetost — raztezek za razli¢na stanja zlitine EN AW
6063

repetitive ECAP, while the tensile ductility (A, Z)
deteriorated. The tensile-deformation behaviour of these
deformed alloy states (Figures 7 and 8) is typical for the
severely strain-hardened (ECAPed) AlMgSi alloys!'®?!
for which the low values of the uniform tensile
elongation (A,) and a high R, »/R., ratio have been found.

Despite the fact that the hardness values of the
post-ECAP peak-aged alloy states are only a little bit
lower than those of the ECAPed ones, the yield strength
and the ultimate tensile strength of the ECAPed alloys
decreased by about 5.5 % and 2.5 %, respectively, during
the applied peak-ageing treatment. It is obvious that the
applied ageing of the ECAPed alloys resulted in an
improved tensile ductility (mainly the uniform tensile
elongation A,). This softening of the alloys occurred
because the softening effect caused by the microstructure
low recovery and the relaxation of the internal stresses
dominates the hardening effect caused by the expected
sequence precipitation of the metastable Mg,Si-phase
(GP-zones, - and f5'-phase) particles.?’2

Table 3: Mechanical properties of the analyzed alloy states
Tabela 3: Mehanske lastnosti analiziranih stanj zlitin

Alloy | State | Rpt2/ | Ruf A0 A

Q | 115 | 243 | 141 | 31.9 | 725
ENAW 6082 E | 408 | 420 | 1.6 | 19.8 | 39.8
pEa | 384 | 408 | 4.7 | 22.1 | 42.7
Q | 34 | 135 | 202 | 364 | 865

EN AW 6063 | B | 317 | 326 | 23 | 225 | 43.1
pEa | 300 | 319 | 52 | 245 | 42.9

Q-quenched, E-ECAPed, pEa-post-ECAP aged

4 CONCLUSIONS

The severe plastic deformation of the quenched EN
AW 6082 and EN AW 6063 aluminium alloys realized
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with the ECAP process caused a refinement and an
intensive strain hardening of the alloy solid solution. The
result was the increased hardness and strength of the
alloys and, on the other hand, a decrease in the alloys’
tensile ductility. The increased supersaturation of the
severely deformed solid solution obtained for the
quenched 6082 alloy was a reaction to its higher
strengthening caused by the ECAP processing and was
higher than that obtained for the 6063 alloy with the
lower Mg and Si contents. The artificial post-ECAP
peak-ageing of the alloys was effective only in slightly
improving the tensile ductility of the ECAPed alloys,
which was a consequence of the low recovery of the
ECAPed alloy and the relaxation of internal stresses.
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