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Abstract
A commercial 6061 aluminium alloy was processed by ECAP and subsequently aged to
nucleate nanoscaled precipitates within the ultraﬁne grain structure. The mechanical behaviour was investigated thanks to tensile tests and the microstructure was characterized at the
atomic scale using Atom Probe Tomography. These experimental data clearly reveal that extensive dynamic precipitation and grain boundary segregation occurred during ECAP. These
features lead to a signiﬁcant increase of the strength of the alloy. Further ageing after ECAP
processing gives rise to an additional increase of the strength linked to a larger precipitate
density. A comparison of the morphology and the composition of precipitates nucleated during
ECAP and during the standard T6 ageing treatment shows that the precipitation kinetic is
aﬀected by the severe plastic deformation.
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1. Introduction
During the last decade, severe plastic deformation (SPD) techniques have been successfully applied to a large number of metallic alloys to achieve
ultraﬁne-grained structures with unique properties [1,
2]. Thanks to the reﬁnement of coarse-grained structures down to the nanoscale, high strength and superplastic properties are commonly achieved in light
alloys. Among commercial aluminium alloys, the age
hardenable 6061 is widely used because it exhibits a good combination of formability, strength, corrosion resistance and weldability [3–6]. To further
increase the strength of this alloy, some authors
proposed to combine nanostructuring by SPD using equal channel angular pressing (ECAP) and precipitation by post-ECAP ageing treatment [7–10].
This approach is extremely interesting because a
ﬁne distribution of precipitates in a bulk nanostructured material may increase both the yield stress
but also the ductility [11, 12]. Several authors have

applied this approach for various aluminium alloys
[7, 9, 13–16], but controlling the precipitation kinetics in SPD metals is a critical issue because there
might be a competition between recovery, recrystallization and grain growth, while heterogeneous precipitation along dislocations and/or grain boundaries is very likely to occur [17]. It is also interesting to note that in such a situation a fastest precipitation kinetic was sometime reported and some
of the classical metastable phases do not longer appear [18]. Moreover, some recent experimental investigations have clearly shown that during SPD some
grain boundary segregation may occur [19, 20], and
such features may also aﬀect the precipitation kinetics.
The aim of this study was to apply the Atom Probe
Tomography (APT) technique to point out the evolution of the distribution of the alloying elements in a
6061 commercial alloy during ECAP processing and
after subsequent ageing. A special emphasis was given
on the nucleation of nanoscaled precipitates and the
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formation of grain boundary segregations with a link
to the mechanical properties.

2. Experimental
The material investigated in the present study is
a commercial 6061 aluminium alloy (Mg 0.8–1.2, Si
0.4–0.8, Cu 0.15–0.4, Cr 0.15–0.35, Mn 0.15, Fe 0.7,
Zn 0.25, Ti 0.15 (wt.%), Al balance).
Billets (20 mm in diameter and 150 mm in length)
of the as-received material were solution treated at
530 ◦C during one hour and then water quenched in ice
brine. The solution treated material exhibits equiaxed
grains with a mean size of about 100 µm. Then, billets were processed by ECAP: four passes at 110 ◦C
following the route Bc with a die angle of 90◦ and
an extrusion speed of 10 mm s−1 (samples referred as
ECAP). After ECAP processing, part of the billets
were aged at 130 ◦C during 24 h (samples referred as
ECAP + ageing). For comparison, a piece of the solution treated but non-deformed material was subjected
to the standard T6 ageing treatment: 170 ◦C during 12
h (samples referred as T6).
Tensile tests were performed at room temperature on specimens (gauge length 11 mm, section
1 × 2.5 mm2 ) cut along the longitudinal direction of
the ECAP billet. Experiments were carried out on a
tensile testing machine (INSTRON 1185) controlled
under constant cross-head speed condition with an initial strain rate of 1.8 × 10−3 s−1 .
To investigate the distribution of alloying elements
and more especially nanoscaled precipitates, the material was analysed by APT. Samples were prepared
by standard electropolishing techniques and then analysed at a temperature of 50 K in UHV conditions using electric pulses (16 % pulse fraction and 2 kHz repetition rate). Data processing was performed using
the GPM 3D Data software.

3. Results and discussion
The tensile behaviour of the 6061 aluminium of the
present study was recorded in three diﬀerent states: (i)
T6 treated, (ii) solution treated and ECAP processed,
(iii) solution treated, ECAP processed and additionally aged during 24 h at 130 ◦C (Fig. 1). It is interesting
to note that the yield stress of the ECAPed material
is signiﬁcantly higher than the yield stress of the T6
treated alloy (400 vs 275 MPa) but the uniform elongation is strongly reduced (4.5 % vs 11 %) which is a
rather common feature for SPD materials. The ageing
treatment performed after ECAP processing leads to
further increase of the yield stress (up to 430 MPa) and
also a small improvement of the ductility (up to 5 %
uniform elongation). This treatment was performed to

Fig. 1. Stress-strain plot of the 6061 aluminium alloy T6
treated, processed by ECAP in the solution treated state
and processed by ECAP followed by additional ageing.

nucleate some nanoscaled precipitates and to combine
grain boundary together with precipitation hardening,
thus the increase of strength was expected. It should
be noted however that it is not as large as usually
observed in the coarse grained 6061 alloy (typically
about 120 MPa) and this feature will be discussed later
on the basis of microstructural observations. Another
interesting point is the larger strain hardening rate
that obviously appears on the stress-strain curve.
For a better understanding of the evolution of the
mechanical behaviour during these various combinations of thermal treatment and SPD processing, the
material was characterized by APT with a special emphasis on Mg rich precipitates that are known to be
responsible of the age hardening behaviour of 6061
aluminium alloys [3–6]. For a better visualisation of
these precipitates, data were ﬁltered to exhibit only
Mg, Cu and Si atoms located in regions containing
more than 5 at.% Mg (see details of the procedure
in [21]). The T6 treated alloy exhibits a high density of needle shape precipitates containing Mg, Si and
Cu (Fig. 2). It has been shown by other authors that
these precipitates are aligned along the (001) direction
of the fcc lattice of the aluminium matrix [4, 5] and
that they are meta-stable phases (called β  ) with a
composition diﬀerent from the stable Mg2 Si phase [3].
In the present T6 treated material, APT data show
that these needle shape precipitates have a diameter
of about 3 nm with an aspect ratio in a range of 2 to
3. They contain between 12 and 20 at.% Mg while the
copper concentration is in a range of 1 to 2 at.%. The
Mg/Si ratio was measured close to 1.5, in agreement
with data reported by Murayama and co-authors [3].
ECAP processing was performed in the solid solution state, i.e. where alloying elements (Mg, Si and
Cu) are in solid solution (APT data of the solution
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T a b l e 1. Diﬀusion coeﬃcient (D) of Mg in Al calculated
for the ECAP temperature (T = 110 ◦C), the T6 treatment temperature (T = 170 ◦C) and the post-ECAP ageing
temperature (T = 130 ◦C) from [24]; mean diﬀusion length
(L = (6Dt)1/2 ) estimated for the duration (t) of the ECAP
processing and ageing treatments

Fig. 2. 3D reconstruction (20 × 20 × 60 nm3 ) of a volume
analysed in the T6 treated 6061 aluminium alloy. The data
set was ﬁltered to exhibit Mg rich nanoscaled precipitates.
The distribution of Mg, Si and Cu is displayed on three
diﬀerent images.

Fig. 3. (a) 3D reconstruction (10 × 10 × 55 nm3 ) of a
volume analysed in the 6061 aluminium alloy processed by
ECAP. The data set was ﬁltered to exhibit Mg rich nanoscaled precipitates (Mg pink, Si green and Cu red). Additionally, all Cu atoms detected in the volume are plotted
to show segregation along a planar boundary (arrowed);
(b) composition proﬁle computed across this boundary
showing a signiﬁcant segregation of Cu and Mg (sampling
volume thickness 1 nm).

treated state are not shown here). However, surprisingly the 3D reconstruction of the volume analysed in
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the ECAPed material clearly reveals that there is a
signiﬁcant volume fraction of nanoscaled precipitates
(Fig. 3a). These precipitates, however, exhibit a diﬀerent morphology comparing to the T6 state. They are
not needle shape but spherical, with an average diameter of about 3 nm. They contain a similar amount
of Mg (in a range of 12 to 20 at.%) and Cu (in a range
of 1 to 2 at.%) but a higher Mg/Si ratio which is about
2 instead of 1.5 for the T6 state. This latter feature is
typical for the metastable β  phase [3]. Thus, it seems
that during SPD the dynamic precipitation process
does not involve the β  phase observed in the standard T6 ageing treatment. Roven and co-authors have
also reported some dynamic precipitation in a similar
alloy processed by ECAP [15]. They observed some
spherical precipitates by TEM, but without analytical
measurement they attributed them to the β  phase. It
should be also noted that dynamic precipitation during SPD in such Al alloy was also reported during high
ratio diﬀerential speed rolling [22]. The diﬀerent morphology (sphere vs needle shape for T6 conventional
treatment) might be attributed to the strong dislocation activity during ECAP processing and the resulting shear of precipitates. Murayama and co-authors
have even shown that this phenomenon may lead to
the complete dissolution of existing precipitates [23].
Another interesting feature exhibited in the reconstructed volume displayed in the Fig. 3a is a Cu planar
segregation. For more clarity, on this image only Mg
atoms located in clusters are displayed (ﬁltering procedure) but all Cu atoms are plotted. However, there
is also a signiﬁcant amount of Mg in this Cu rich layer,
as shown on the composition proﬁle computed across
it (Fig. 3b). In this 2 nm thick layer, Cu and Mg enrichment are roughly similar, up to 1 at.%. As reported in recent studies, this feature might be attributed
to some SPD induced grain boundary segregation [19,
20].
Considering the low temperature during ECAP
(110 ◦C) and the short time of the processing (billet
held at this temperature not more than 30 min), the
nucleation of precipitates and also the grain boundary
segregation during SPD were absolutely not expected.
Indeed, as shown in Table 1, in such conditions the
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Fig. 4. 3D reconstruction (10 × 10 × 60 nm3 ) of a volume
analysed in the 6061 aluminium alloy processed by ECAP
followed by ageing during 24 h at 130 ◦C. (a) Distribution of
all detected Mg atoms showing nanoscaled spherical precipitates; (b) ﬁltered data with another orientation (Mg
atoms pink, Si atoms green and Cu atoms red).

atomic mobility is extremely limited and obviously the
thermal diﬀusion cannot account for the observed phenomena. Thus, as already proposed in earlier studies
[19, 20, 25, 26], the atomic mobility was most probably promoted by defects like dislocations (via solute
drag or pipe diﬀusion [27]) or SPD induced vacancies
[25].
Of course, the high density of nanoscaled precipitates may signiﬁcantly aﬀect the mechanical behaviour
and one may conclude that the high yield stress recorded for the ECAP state (Fig. 1) is the result of
a combination of grain boundary strengthening (ultraﬁne grain structure created during SPD) and precipitation hardening. The high density of precipitates
observed for this state may also explain the relatively high elongation to failure measured after ECAP
(about 6 %), which is usually only few percents after
SPD in aluminium alloys. As proposed by other authors, the precipitates act as additional dislocation
sources which increase the ductility [11–13]. The observed grain boundary segregations may also aﬀect the
properties of the ultraﬁne grained alloy; however this
point is still under debate [20].
After ECAP, the material was further aged at
130 ◦C during 24 h. As shown in Table 1, in such conditions, the atomic mobility is high enough to promote
more phase separation. Indeed, after ECAP, the concentration of solute element in the fcc Al matrix is still
higher than the equilibrium (0.46 ± 0.05 at.% Mg).
This indicates that there is some driving force left for
the nucleation of new precipitates or for the growth
of already existing ones. The precipitates that were
analysed in the material processed by ECAP followed
by ageing (Fig. 4) are very similar to those observed
directly after ECAP (Fig. 3). They are still spherical
with an average diameter of about 3 nm and their
composition did not signiﬁcantly change. Due to the
small analysed volumes, it is impossible to provide an

accurate precipitate density, however it is important
to note that the Mg concentration in the fcc Al matrix signiﬁcantly decreased during this ageing at 130 ◦C
during 24 h (down to 0.3 ± 0.05 at.% Mg), indicating
that further precipitation occurred. As observed on
stress-strain curves (Fig. 1), this leads to a signiﬁcant
increase of the yield stress and of the strain hardening rate, and in a smaller proportion of the uniform
elongation. However, since most of the precipitation
occurred during the ECAP processing, the additional
increase of yield stress resulting from subsequent ageing at 130 ◦C during 24 h is rather small (much smaller
than in the non-deformed alloy).

4. Conclusions
(i) A commercial 6061 aluminium alloy in the solutionized state was successfully processed by ECAP
at 110 ◦C.
(ii) After ECAP, the yield stress is higher than
after a standard T6 ageing treatment but the ductility
is signiﬁcantly lower.
(iii) APT analyses demonstrated that some dynamic precipitation and grain boundary segregation
occurred during ECAP.
(iv) Considering the low temperature and the short
time of the ECAP processing, it is believed that the
precipitation and the grain boundary segregation are
promoted by an enhanced atomic mobility resulting
from SPD induced vacancies and pipe diﬀusion along
dislocations.
(v) It was found that during ECAP, nanoscaled
spheres of β  phase nucleate while during the standard T6 ageing treatments needle shape β  precipitates
were observed.
(vi) Ageing treatment performed after the ECAP
processing leads to a further increase of strength
linked to some additional precipitation.
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