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Abstract The mechanical properties and corrosion
behaviour of AA6082 with ultrafine-grained (UFG)
microstructure were investigated. The material was pro-
cessed by equal-channel angular pressing (ECAP) up to
eight extrusions at room temperature in a 90°-die with
active backpressure. Besides the peak-aged temper, which
provides maximum strengths and strongly reduced ductil-
ity, the solution heat treated condition was considered as
well. Combined with post-ECAP aging, an optimum of
high strength, ductility and impact toughness was achieved.
The corrosion investigations and the examination of the
corrosion damage of the UFG-materials show higher pit-
ting corrosion resistance compared to the unprocessed
material. The optimised condition was used for the pro-
duction of screw prototypes which showed appreciable
higher strength and ductility compared to the identically
manufactured screws from the CG counterpart. Such
materials are potential candidates to be used for several
engineering applications such as high strength screws even
at higher temperatures.
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Introduction

Equal-channel angular pressing or -extrusion (ECAP/-E)
was originally developed by Segal et al. [1] in the begin-
ning of the 80s in the last century to introduce a
homogeneous simple shear deformation into billets without
changing its cross section. Since the early 90s, the method
was spreading out worldwide and has been improved by
many research groups. Currently, ECAP is considered as
the most promising method for achieving homogeneous
ultrafine-grained (UFG) microstructures with improved
properties in many metallic bulk materials [2]. Previous
reports provide a detailed description of the microstructural
characteristics and the mechanical properties associated
with ECAP for Al and Al-alloys [3-6]. Recently, the
commercialisation of ECAP was reported by Honeywell
[7] for flat Al and Cu billets up to masses of ~33 and
~110 kg, respectively, provided as sputtering targets for
electronic applications.

Nevertheless, despite the enormous number of ECAP-
related publications only a few practical applications are
proposed to date. For example, for applications of magne-
sium or aluminium alloys in gearboxes and engines, screws
made of aluminium alloys offer many advantages when
compared to their steel counterparts [8]. These include
weight savings and higher connection strengths due to their
similar thermal expansion behaviour. Besides the mechani-
cal properties, the susceptibility to corrosion is the most
critical factor for the final engineering application of prod-
ucts. However, studies including the corrosion behaviour of
SPD materials with UFG microstructure are still rare and
their results are contradictory [9]. The first report on this
topic dealt with pure UFG Cu (>99.60 wt.%), published in
1999 [10], followed by Ti (>99.36 wt.%) [11] and recently
Al (>99.99 wt.%) [12]. In the absence of impurities or
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alloying elements forming second phases, the corrosion
resistance after ECAP is unchanged [13] or slightly
decreased [14]. The morphology after the corrosion tests of
UFG Cu appears more homogeneous when ECAP as method
for grain refinement is used [13, 14]. The results of [11, 12,
15-17] suggest that UFG metals containing impurities
or alloying elements also exhibit an improved corro-
sion behaviour if compared to the coarse-grained (CG)
counterparts.

In this study an optimisation of commercial AA6082 by
ECAP combined with subsequent heat treatment is pre-
sented, particularly with regard to the mechanical and
corrosion properties. The optimised material is used for the
production of high-quality screw prototypes with enhanced
properties, proposing a new area of engineering application
for products with UFG microstructure.

Experimental

For the investigations commercial AA6082 (Al, Si 0.98
wt.%, Mg 0.70 wt.%, Mn 0.58 wt.%, Fe 0.21 wt.%, Cu 0.02
wt.%) with CG was supplied by Hydro Aluminium Deu-
tschland in the form of extruded square bars in peak-aged
temper (T6). This condition will be further on referred to as
CG-T6. After machining the billets to the initial geometry
of 15 x 15 x 120 mm>, multi-pass ECAP processing was
done on a first batch of billets in the as supplied CG-T6
condition at room temperature (RT) in a die-set with an
angle of 90° between the two intersecting channels,
resulting in an equivalent plastic strain of ~1.15 per
extrusion. The friction conditions inside the tooling are
optimised by two movable walls in the inlet channel and a
bottom slider in the outlet channel [18]. The extrusions
were done with a constant punch speed of 25 mm min~ ',
following route E that represents a 180° rotation of the
billet about the extrusion axis between pass one and pass
two, a 90° clockwise rotation between pass two and pass
three, and a 180° rotation between pass three and pass four
and so on. In a sense, this hybrid route consists of the
commonly used route C [19], with 90° rotations in the
same sense after an even number of passes [20]. It com-
bines a rapid break-up of the microstructure with a high
fraction of fully worked material inside the billet. To
ensure homogeneous plastic flow and to avoid the forma-
tion of a corner gap, controlled backpressures up to 100
MPa were applied via the bottom slider. The conditions
produced by this approach will be further on referred to as
UFG together with the processing route and number of
extrusions (e.g. UFG-E2). Recently, it was shown for
AA6060 that both strength and ductility can be improved
by either processing at cryogenic temperatures [21-23] or
at RT in the solid-solution temper followed by aging at
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higher temperature [24-29]. It was shown for Al-Mg—Si Al
alloys that the effect on ductility is most remarkable after
only one single pressing, which makes the process even
more attractive for practical applications [27, 29]. Thus, a
second batch of AA6082 billets was solid-solution heat
treated prior to ECA-pressing at 530 °C for 60 min, fol-
lowed by quenching into cold water. According to the
optimal parameters [29], subsequent post-ECAP aging was
performed at 170 °C for 18 min corresponding to the peak
hardness in this case. This condition will be further on
referred to as UFG-HT. For the characterisation of strength
and ductility, tensile specimens with an aspect ratio of the
gauge length of three were machined from the billets in the
direction of extrusion. Quasi-static tensile tests were
operated according DIN EN 10002 in a conventional test-
ing machine Zwick-Roell at constant crosshead speed with
an initial strain rate of 6 x 10 s~'. Specimens for impact
toughness testing were machined along the direction of
extrusion according the standard DIN 50115. The geometry
of the samples was 4 x 4 x 44 mm>. The V-shaped notch
(depth of 1 mm, 45° opening angle, 0.25 mm notch-radius)
was machined so that the direction of crack propagation is
parallel to the transverse plane (X) towards the flow plane
(Y) of the billets, respectively [30]. An instrumented
miniature Charpy impact tester with a nominal energy of
15 J was used to measure the absorbed energy (KV). For
the fabrication of screw prototypes with metric coarse
thread (major diameter = 6 mm, length = 50 mm), flat-die
thread rolling was performed by RIBE Verbindungstechnik
Schwabach. Consecutively, quasi-static tensile tests were
performed on the screws at a constant crosshead speed of 1
mm min~' following DIN EN ISO 898. The gauge length
was 24.7 mm, covering ~ 25 convolutions. For the calcu-
lation of stresses, the corresponding tensile stress area of
20.1 mm” was used. For the evaluation of all mechanical
properties at least three parallel tests of the same condition
were performed at RT and typical curves are presented.
The corrosion characteristics were measured in the flow
plane (Y) of the billets using an electrochemical worksta-
tion IM6 from Zahner-electric with a conventional three-
electrode cell-setup. The potentials were measured against
the saturated calomel electrode (SCE) with a Haber-Luggin
capillary. The platinum plate was used as counter elec-
trode. All measurements of the polished samples (working
electrode) were performed in neutral 0.1 M NaCl test
solution at 25 °C. Both cyclovoltammetry (CV) for the
evaluation of the pitting corrosion resistance and electro-
chemical impedance spectroscopy (EIS) were applied. For
the CV measurements the potential is a swept of 0.625 mV
s~! between the anodic and cathodic potential limits. The
current is measured and related to the area. Therefore, the
experimental curve obtained consists of this current density
as a function of the potential and represents a set of cyclic
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polarization curves. Before and after each test the surface
of the specimen was cleaned with ethanol. Each CV
measurement consists of three cycles between —1000 and
—600 mV with a resolution of 1 mV. The EIS investiga-
tions explore the frequency dependent impedance at open
circuit potential with a sinusoidal AC perturbation of 10
mV amplitude, applied over a frequency range from 100
kHz down to 100 mHz. The corrosion potential E., and
the current density i.., were evaluated from the first cycle
of the potentiodynamic curves using the Tafel extrapola-
tion procedure. E,,,, describes the corrosion resistance and
icorr the rate of corrosion. The rapid increase of anodic
current densities at a given potential is caused by the
passive film breakdown and the associated begin of pitting
that is defined as pitting corrosion potential E;. The sur-
face morphology of the samples was examined with a
scanning electron microscope LEO 1455 from Carl Zeiss
equipped with an energy dispersive X-ray spectrometer
(EDXS). Additional investigations were done by scanning
transmission electron microscopy (STEM) with the same
system. The CV corrosion damage was evaluated and
graphically displayed by the Hommel tester T4000 mea-
suring station, using the 3D-topography measurement
(recording parameters: travel 4 mm, step width 2.5 pm,
9600 measure points, 5 pm tip radius).

Results and discussion
Mechanical properties

In Fig. 1 the quality of the AA6082 billets before and after
ECA-pressing for one, two and eight ECA-extrusions at RT
is shown. It is apparent from the shape of the billets that
due to the application of moving parts inside of the die a
very uniform shear strain is achieved up to high strains.
This is benefited by the sharp channel corner and the
applied backpressure. The reduction in length (~2% per

Fig. 1 High-quality billets (a) before (15 x 15 x 125 mm®) and after
ECAE for (b) one, (c) two and (d) eight extrusions at RT following
route E

extrusion) is caused by the reshaping of the billets due to
the elastic expansion of the die during processing. Figure 2
shows the mechanical behaviour for the investigated
AA6082 in different conditions. The selected data from
quasi-static tensile tests in Fig. 2a reveal the well-known
behaviour of a strongly increased strength during the first
ECA-pressings (UFG-E2) caused by a rapid multiplication
of defects. Further processing results in a lower increase,
since accumulation and annihilation of defects is increas-
ingly equalised approaching a saturation level.

After eight extrusions (UFG-ES8) an increase of 75% in
yield strength and ~55% in ultimate tensile strength is
reached when compared with the CG-T6 material. Since
the material gets severely strain hardened during process-
ing, the grain refinement is accompanied to a significant
reduction in ductility. Thus, the engineering stress—strain
curves peak at very small plastic strains and then drops as
the localised deformation promotes necking and fracture.
This behaviour is particularly pronounced for low extrusion
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Fig. 2 Mechanical behaviour for the investigated AA6082 in differ-
ent conditions: (a) engineering stress—strain curves from quasi-static
tensile tests; (b) force—displacement curves received from Charpy
impact tests
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Fig. 3 STEM micrograph representing the microstructure of the
optimised condition (UFG-HT) in the flow plane after one extrusion
at RT in the solid-solution temper followed by aging at 170 °C for
18 min

numbers (UFG-E2) as discussed in [30]. As shown in [29]
for AA6060, the problem of reduced ductility can be
overcome by the application of a post-ECAP heat treat-
ment. The concept was successfully transferred to the
current AA6082. The optimised condition (UFG-HT) that
is achieved by RT processing for only one extrusion in the

Fig. 4 Screw prototypes

(M6 x 50) produced by flat-die
thread rolling for (a) CG-T6 and
(b) UFG-HT and micrographs
of threads for (¢) CG-T6 and
(d) UFG-HT

CG-T6 ;
(coarse grained - peak aged) Tl LG

UFG-HT o BT
(ultrafine-grained - post-ECAP heat treated) |+ -~ . .~ - (d)
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water quenched solid-solution temper followed by post-
ECAP aging exhibits a ~30% higher strength with only
~25% reduced ductility when compared with CG-T6. The
reason for the exceptional combination of high strength and
moderate ductility is caused by the formation of very fine
precipitates and ultrafine grains. Figure 3 shows exempl-
arily a STEM micrograph of this optimised microstructure.
In [30] it was shown that the formation of micro shear
bands plays an important role for the grain refinement of
AAG6063T6 during the first extrusions of a billet. Figure 3
shows such a micro shear band (width ~800 nm) con-
taining equiaxed grains with an average size in the range of
~100 to ~300 nm. According to the results of [6, 31, 32],
the predominant needle-shaped precipitate phase in the
surrounding elongated cellular matrix can be associated to
B particles. It is assumed that the strength increase during
aging can be associated to the precipitation activity, while
simultaneous acting recovery based on annihilation and
arrangement of dislocations restores the ductility [29, 33].
Thus, the tensile properties of the UFG-HT condition
engage an intermediate position between the CG-T6 and
the UFG-ES8 condition.

In Fig. 2b load displacement curves received of Charpy
impact tests are presented. The area covered by the curves
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Table 1 Mechanical properties of the investigated AA6082 (a) for the materials and (b) for the screws
Tensile test Charpy test
YS (MPa)  YS,; UTS (MPa) UTS., UEL (%) UEL. EL (%) EL. KV (@) KV, ()
(@)
CG-T6 231 £ 2 1.00 269 + 3 1.00 89403 1.00 245 + 0.1 1.00 1.93 + 0.08 1.00
UFG-E2 379 £ 3 1.64 385+ 3 1.43 0.7 £ 0.1 0.08 14.8 £ 0.7 0.60 1.18 + 0.16 0.61
UFG-E8 405 £ 3 1.75 419 £ 1 1.56 0.9 + 0.1 0.10 172 £ 1.0 0.70 1.18 + 0.09 0.61
UFG-HT 312+ 4 1.35 343 £ 0 1.28 6.7 £ 0.3 0.75 179 £ 2.6 0.73 1.45 £ 0.13 0.75
(b)
CG-T6 309 +£ 3 1.00 334 £ 2 1.00 34402 1.00 8.7 +£ 0.6 1.00
UFG-HT 322 £ 12 1.04 363 £ 2 1.09 44 +£03 1.29 10.1 £ 0.5 1.16
Note: YS, yield stress at 0.2% plastic strain; UTS, ultimate tensile stress; UEL, uniform elongation; EL, elongation to failure; rel, value/value
CG-T6
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Fig. 5 Mechanical behaviour of the AA6082 screw prototypes: (a)
. . . . s . 1e-4
force—displacement curves at quasi-static tensile loading; (b) relative
change in mechanical properties due to the rolling of the threads — /.;
calculated by (Valuegerew/Valueyaerial) — 1. YS, yield stress at 0.2% ‘g 1e5% 7 _
plastic strain; UTS, ultimate tensile stress; UEL, uniform elongation; © Z )’
EL, elongation to failure < 1e-6
. . 1e-7
corresponds to the absorbed energy while the progression
of the curve gives information about the crack propagation. 1e-8
The maximum forces as well as the displacements are in -1,0 -0.9 -0.8 -0.7 -0.6
good correlation with the strength and ductility from the E(V)

tensile tests. The absorbed energy of the CG-T6 material is
1.9 J. After ECAP the impact toughness decreases for

Fig. 6 Effect of ECAP and heat treatment on CV curves of AA6082
(a) CG-T6, (b) UFG-ES8 and (¢) UFG-HT
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~40% since the energy absorbed during crack propagation
is strongly reduced, which is indicated by the abrupt drop
after crack formation. It is worth mentioning that the
fracture behaviour was found to be still ductile since no
indications for cleavage were detected on the fracture
surfaces. Similar to the tensile tests, the application of
ECAP combined with heat treatment enables the genera-
tion of an intermediate behaviour that reaches ~60% of
the initial impact toughness and shows considerable stable
crack propagation.

Due to the combination of high strength with moderate
ductility and impact toughness, UFG-HT was selected for
the production of screw prototypes. CG-T6 was investi-
gated for reference purpose. As shown in Fig. 4a and d,
there is no difference in quality of the threads visible on the
macroscopic scale. In terms of mechanical performance,
the roots, corresponding to the minor diameter of the
thread, are the most important quality criterion for screws,
especially for applications with cyclic loading. From the

Table 2 Corrosion characteristics of AA6082

Epi (mV) Ecorr (mV) icorr (A cm™?)
CH-T6 —687 —691 1.23E-06
UFG-E8 —632 —664 8.91E-07
UFG-HT —631 —717 1.40E-06
40 4,0
C— Pit Depth
35- === Pit Density [ 3.5
__ 30 30 ~
£ 25 E
= E
B 201 L 20 &
3 :
= 151 15 8
o a—
10 1,0 &
5 : | i - 0,5
0 0,0
CG-T6 UFG-E8 UFG-HT

Fig. 7 The effect of ECAP on pit depth and pit density

Fig. 8 The lateral extent of the
largest pits for (a) CG-T6, (b) (@)
UFG-ES8 and (¢) UFG-HT

100um
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micrographs in Fig. 4 it is apparent that for both conditions
neither at the roots nor at the crests rolling induced cracks
were formed. Quasi-static tensile tests were performed on
the screws for the characterisation of their stress—strain
response. The results, which show a very good reproduc-
ibility and low standard deviation, are presented in Table 1.
Matching force—displacement curves are shown in Fig. 5a,
where a clear improvement was found for the screws made
from the ECA-processed material. A maximum force of
7300 N corresponding to a stress of 363 MPa is reached.
This value is ~10% higher compared to the screws made
from the CG-T6 and ~ 15% above the value required in the
standard covering the mechanical properties of fasteners
made from nonferrous metals (DIN EN 28839). The min-
imum strain to failure is exceeded for ~45%. The changes
in mechanical properties due to the cold rolling of the
threads are displayed in Fig. 5b. Accordingly, the CG-T6
material undergoes a significant strain hardening, which is
expressed by the increase in strength of ~30% and a
considerable reduction of ductility for ~60%. For the
UFG-HT material the influence of cold rolling is less
pronounced indicated by the clearly lower increase in
strength and also much lower ductility reduction.

Corrosion properties

The corrosion properties of the AA6082 were investigated
for the as-received condition (CG-T6), for the UFG con-
dition after eight ECA-extrusions (UFG-E8) as well as for
the optimised condition (UFG-HT). Figure 6 shows the
typical potentiodynamically registered CV curves. It is
obvious that the polarization curves of all specimens are
qualitatively similar. The individual corrosion characteris-
tics are given in Table 2. The deviation of the corrosion
potential E.,, and the corrosion current density i.o, are
insignificant and within the experimental scatter, since at
least three measurements of each condition were per-
formed. The natural oxide film on aluminium and its
alloys generally hinders the inherently active behaviour of
this metal. However, solutions containing aggressive
anions such as Cl™ cause pit initiation, resulting in a rapid
increase of the current density at a certain potential. Ey;

(b) (c)

oo
100um 100um
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Fig. 9 SEM micrographs of the distribution of the second phases in
the Al matrix and the appearance of the pits (arrows mark
Al (MgSiMnFe),) in (a) CG-T6, (b) UFG-E8 and (¢) UFG-HT

characterising the breakdown of the passive film is shifted
to the more noble direction by ECAP.

Thus, it can be concluded that there is no qualitative
difference in the general corrosion characteristics, as it is
indicated by the similar pitting corrosion behaviour.
However, an evident quantitative variation in the pit

Frequency (Hz)

Fig. 10 Bode plot for AA6082 for the investigated conditions

initiation and propagation is expressed by the increased
Epi through ECAP as well as post-ECAP aging. Hence,
the pitting corrosion resistance is increased by ECA-
processing.

A broad description of the corrosion characteristics
requires the exploration of the surface with emphasis on the
corrosion damage induced. In an innovative method, the
degree of localized corrosion damage was quantified by
3D-topography measurements using pit depth and pit
density as characteristic parameters. Figure 7 reveals that
both pitting density and depth are reduced. Besides the
evident effect of ECAP on the pitting corrosion damage of
CG-T6 and UFG-ES8, the standard deviation of these
parameters is considerably reduced for UFG-HT which is
attributed to a modified distribution of the microstructural
inhomogeneities. This is caused by the different thermo-
mechanical history. The CG-T6 counterpart exhibits the
deepest pits with 40 pm, whereas UFG-E8 and UFG-HT
exhibit maximum pit depths of 14 and 8 um, respectively.
The same ranking can be deduced concerning the extent of
the damage by 3D-investigations shown in Fig. 8. For this
purpose the largest damage on the samples surface was
captured.

Preferential pitting corrosion near the Fe-, Mn- and Si-
rich impurities identified by EDXS is seen on the surfaces
of all specimens (Fig. 9), suggesting that these are the most
critical sites for pit initiation owing to the highest differ-
ence of the potentials. Affected by ECAP, the impurities
are fragmented and more homogeneously distributed. This
results in fine dispersed anodic-cathodic districts. As a
consequence, pits with smaller lateral extent are formed in
the matrix, as the pit initiation is retarded. Hence, the
microgalvanic currents of the induced reactions proposed
by [15] for Al 99.5 are reduced also in the present Al-alloy
as shown by the corrosion attacks on the sample surface as
well as in the more narrow crystallographic corrosion
channels. We assume that the reduced size and more
homogeneous distribution of impurities form smaller
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corrosion elements on the one hand and lead to a more
stable oxide layer also retarding the corrosion attack on the
other hand. However, despite the different thermo-
mechanical history, the same tendency was found for UFG-
HT. The morphology of the pitted area of UFG-HT is
changed, Fig. 9c. Therefore the structural influence on the
pit propagation is obvious. In contrast, the pitted area of
UFG-ES8 in Fig. 9b appears more compact and homoge-
nous as result of eight ECA-extrusions.

Additionally, the polarization resistance R, for the cor-
rosion reaction was determined by means of EIS mea-
surements at the corrosion potential to assure anodic and
cathodic reactions. Figure 10 presents the Bode plot
including the impedance and phase data for AA6082 in the
different conditions. There is a tendency of increased R,
after ECAP in the peak aged condition (UFG-ES) as well as
after ECAP in the solid-solution heat treated condition
followed by short time aging (UFG-HT). This enhanced R,
can be dedicated to a more homogeneous Al oxide layer
with reduced defect size, which is presumably responsible
for the comprising corrosion behaviour of UFG Al alloys
compared to the CG material.

Conclusion

RT-ECAP was applied on the commercial AA6082 up to
eight extrusions in a die with an internal angle of 90°
following Route E with active backpressure. Besides the
peak-aged temper, which gave maximum strength and a
strongly reduced ductility, the solid-solution heat treated
condition combined with post-ECAP aging was considered
as well. With this approach a combination of high strength
with moderate ductility and impact toughness was
achieved. This optimised condition was consecutively used
for the production of screw prototypes by flat-die thread
rolling. An appreciable higher strength (~10%) and duc-
tility (~30%) was achieved when compared to the
identical manufactured screws from the CG counter
material. Besides the mechanical properties, the corrosion
behaviour represents a crucial feature for practical appli-
cation of fasteners. It can be concluded that commercially
multiphase materials such as AA6082 containing a lot of
impurities show a slightly better corrosion resistance (e.g.,
Ey, Rp) after ECAP and a reduced corrosion damage
compared with the CG counterpart. The results demon-
strate the potential for combining ECAP with an
appropriate heat treatment for commercial AI-Mg-Si Al
alloys to achieve superior mechanical and corrosive prop-
erties. Such materials are promising to be used for several
engineering applications such as high-strength screws even
at elevated temperatures.
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