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Abstract
In-situ straining experiments and post-mortem observations in a transmission
electron microscope have been performed between 20 and 1708C on Al–Mg–Si
alloy 6056. Evidence is found for activation of cross-slip and occurrence of glide
in the {001} planes. These mechanisms occur more readily as temperature
increases. Their existence is discussed in the light of microstructural
characteristics of the alloy and an attempt is made to correlate them with
macroscopic properties.

} 1. Introduction
In the case of precipitation-hardened alloys, mechanisms by which dislocations
can overcome ﬁne precipitates were proposed years ago (Hirsch and Humphreys
1969, Gerold 1979). The most popular mechanisms are shearing and bypassing,
for which there is experimental evidence (Merrick 1962, Gleiter and Hornbozen
1965, Hirsch and Humphreys 1969, Vivas et al. 1997). In this context, combining
several techniques appears to be a useful approach.
(i) High-resolution electron microscopy (HREM) yields information on the
structure, the morphology and the size of precipitates.
(ii) Post-mortem analyses of strained samples reveal the general features of
dislocation microstructures generated by the deformation of bulk samples.
(iii) In-situ experiments performed inside the microscope allow direct
observation of dislocation dynamics and the corresponding mechanisms
of dislocation–precipitate interaction.
The present contribution is part of a general study of the deformation mechanisms and mechanical properties of Al–Mg–Si alloy (6056) based on such an association of investigations. Prior precipitation investigations carried out by HREM
(Vivas et al. 1997, Delmas et al. 2003a,b) have found the following features.
(i) The precipitation hardening is due to ﬁne-needle-shaped and lath-shaped
precipitates elongated along the h100i directions of the aluminium matrix.
} Email: delmas@cemes.fr.
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(ii) The average length of the needles and laths is 66 nm and their cross-sections
are 7.0 nm and 6.5 nm respectively.
(iii) The precipitate density is 1017 cm3 .
The maximum force sustained by precipitates prior to shearing by dislocations
has been evaluated (Vivas et al. 1997) and diﬀerent micromechanisms have been
identiﬁed and analysed as a function of temperature, such as the formation of planar
dislocation loops (Orowan loops) or a spreading of large three-dimensional loops
(Delmas et al. 2003b). The present letter focuses on the role of cross-slip and propagation in {001} planes and their eﬀect on the mechanical properties of the alloy.
} 2. Experimental details
Alloy 6056 is cast and processed by Pechiney in the shape of polycrystalline
sheets 1.5 mm thick. Table 1 gives the composition in weight percentages. The
strengthening heat treatment consists in solutionizing at 5508C, water quenching
and ﬁnally a tensile plastic stretching (2%) and tempering at 1758C for 8 h
(T6 treatment). The resultant average grain size is 30 mm.
Both in-situ and post-mortem observations were performed in a JEOL 200CX
electron microscope operating at 200 kV. Details of the in situ technique can be
found elsewhere (Couret et al. 1993). We emphasize that, in this alloy, the strain
ﬁelds due to precipitates are superimposed on those of the dislocations and can
hinder the simultaneous imaging of dislocations and precipitates as described by
Allen and Vander Sande (1978).
The yield stress of the present alloy 6056 has been found to be 350 MPa at room
temperature. As a comparison, the yield stress for other concurrent aluminium alloys
at the same temperature is 324 MPa for alloy 6013-T6 and 310 MPa for alloy 2024T3.
} 3. Experimental observations
3.1. {001} glide at room temperature
Figure 1 shows a post-mortem weak-beam picture taken with a diﬀraction vector
g ¼ 2
20 of the aluminium matrix. The foil was cut from a tensile specimen plastically
strained at room temperature ("plastic ¼ 2%Þ. Dislocations are imaged with a white
contrast, and observations under diﬀerent diﬀracting conditions have shown that the
Burgers vector of these dislocations is b ¼ ða=2Þ½110 : For these imaging
conditions, the precipitates along dislocations are out of contrast because of the
superimposition of the strain ﬁelds.
Dislocations indicated by white arrows exhibit a broken shape formed by successive segments parallel to the directions [010] and [100]. Taking into account that
precipitates lie in {001} planes, this observation is interpreted as an indicator of glide
(at least over short distances) in these non-compact planes. With such a Burgers
vector, the unique {001} plane containing this vector is (001). Dislocations gliding in
Table 1.

Chemical composition of the Al–Mg–Si alloy 6056 (Pechiney data).

Si
(wt%)

Mg
(wt%)

Cu
(wt%)

Mn
(wt%)

Fe
(wt%)

Zn
(wt%)

Zr
(wt%)

Cr
(wt%)

Ti
(wt%)

0.943

0.869

0.798

0.634

0.198

0.153

0.110

0.066

0.039
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Figure 1. Post-mortem dark-ﬁeld image of a specimen strained until 2% at room
temperature. The diﬀraction vector is g ¼ 2
20 from the aluminium matrix.
Projections in the observation plane of the h100i directions are indicated. White arrows
show segments of dislocations parallel to cubic directions.

this plane will thus lock along precipitates elongated along the [010] and [100]
directions, consistent with the observation of ﬁgure 1. In general, segments of dislocations elongated along h100i directions are not frequently observed at room
temperature. This could be the reason why cubic glide has not been observed during
in situ straining experiments.

3.2. {001} glide at higher temperatures
Post-mortem transmission electron microscopy (TEM) observations and in-situ
straining experiments performed at higher temperatures are described in the present
section.
Figure 2 shows the microstructure of a specimen deformed at 2% in compression
at 1708C. This weak-beam image was taken with a 020 diﬀraction vector. Many
segments of dislocations have the previously mentioned broken shape, indicating
the activation of glide in {001} planes (see for instance the segments between A
and B, or between C and D). It is worth noting that these segments are much
more frequently observed at this temperature than at 208C. As the Burgers vector
of the involved dislocations is b ¼ ða=2Þ½110 , the corresponding {001} cross-slip
plane is (001): glide in this plane leads to an alignment of dislocations against the
precipitates elongated along the [100] and [010] directions consistent with ﬁgure 2.
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Figure 2. Post-mortem dark-ﬁeld image of a specimen strained at 2% at 1708C. The diﬀraction vector is g ¼ 020 from the aluminium matrix. Projections in the observation plane
of the h100i directions are indicated.
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Figure 3. Dynamic sequence showing the propagation of a segment ij of dislocation at
1508C ðg ¼ 111Þ. Projections in the observation plane of the h100i directions are indicated.

Figure 3 displays a dynamic sequence showing a dislocation moving under stress
at 1508C ðg ¼ 
1
10Þ. Between ﬁgures 3 (a) and (b), the ij dislocation glides and has a
broken shape with segments parallel to the [100] and [001] directions. Part of this
dislocation moves on between ﬁgures 3 (b) and (c). At the end of the sequence, the
main part of the dislocation is locked in the (010) cross-slip plane. The Burgers
vector is ða=2Þ½
101 , consistent with a glide in the (010) plane, an alignment of
the segments along the [100] and [001] directions and a diﬀracting vector g ¼ 111:
} 4. Discussion
The main result of the present work is that, in this aluminium alloy, dislocations
are able to cross-slip on to a {001} plane and to glide in it. The cross-slip and glide
are more frequently observed as the temperature is increased; both processes need
the same physical event, that is the recombination of a screw segment, which is a
thermally activated elementary mechanism. It should be emphasized that
dislocations in aluminium alloys are not really dissociated into two separated partial
dislocations. Consequently, it is better to speak of a core spreading into the {111}
planes.
Cross-slip or glide in {001} plane has already been found in pure aluminium at
higher temperatures and lower stress levels. During creep tests, Carrard and Martin
(1987) have observed unstable {001} glide (resulting from cross-slip events) from
1808C and primary {001} glide for temperatures above 4008C. In-situ experiments
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have shown that dislocation glide in this plane is controlled by a Peierls-type
frictional force associated with core spreading of the dislocation out of the glide
plane (Couret and Caillard 1988). These cross-slip and glide activities depend on the
stacking-fault energy  which is high in aluminium ð ¼ 150 mJ m2 from HREM
investigations (Mills and Stadelmann 1989)). For the case of alloy 6056 investigated
in the present work, all the atoms present as solute atoms in the matrix can inﬂuence
this value. If we refer to the work of Gallagher (1970), it appears that the addition of
magnesium and silicon (the two main alloying elements) would have an opposite
inﬂuence on the stacking-fault energy of pure aluminium. On the contrary, concerning the inﬂuence of temperature on , the derivative d=dT would be positive
according to Saka et al. (1983) for both an addition of 5 at.% Mg or 5 at.% Si in
pure aluminium; this could indicate an increased easiness for cross-slipping as the
temperature increases. Finally the observation of such cross-slip and {001} glide
activities at lower temperatures and higher stresses than in pure aluminium seems
to indicate that the stress level is a key parameter for the recombination of the screw
segments.
In the following we discuss the speciﬁc role of the precipitates as obstacles when
{001} glide operates and the eﬀects on the mechanical properties of the cross-slip
activity and non-compact glide.
4.1. Precipitate population
Following the work of Vivas et al. (1997) on the same alloy 6056, we consider for
simplicity that all the precipitates are 66 nm long with a 3 nm diameter. The arrangement of precipitates is drawn in ﬁgure 4. When gliding in a {111} plane, dislocations
cut forests of inclined precipitates (ﬁgure 4 (a)). If they glide in {100} planes (ﬁgure
4 (b)), dislocations meet two types of precipitate, either perpendicular to the glide
plane or parallel. Even if this last type is ten times less frequent, it constitutes a much
more eﬃcient obstacle for shearing because the section of precipitates viewed by
dislocations is about 17 times higher for precipitates parallel to the glide plane
than for those perpendicular to it. This probably explains the numerous observations
of segments of dislocations locked along the precipitates lying along (001). Owing to
the respective inclinations of precipitates, the ratio between the number of precipitates cutting the {111} and {100} planes is Nf111g =Nf100g ¼ 1:6: The ratio of the areas
of precipitates in {111} and {100} planes is Af111g =Af100g ¼ 1:7. These lower values
for the density and the area to be sheared in the case of {100} planes probably favour
gliding in the non-compact planes. It should, however, be emphasized that the
strength of precipitates is also dependent on the overcoming mechanism and on
the precipitate structure, two correlated parameters that are unfortunately not
known at the present time.
4.2. Consequences of cross-slip and {100} glide on the mechanical properties
The thermal activation of glide in {100} planes and the subsequent existence of a
new route for bypassing is probably the reason for the decrease in the yield stress E
as a function of temperature (as illustrated in table 2) through the calculation of the
slope E =T (this phenomenon is ampliﬁed above 1258C). It should be
emphasized that this eﬀect could be of primary importance since alloy 6065 is a
candidate for the fuselage skin of the future supersonic civil transport aircraft, the
temperature of which can reach 1308C.
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Figure 4.

Illustration of how the precipitates intersect the gliding planes: (a) a {111} plane;
(b) a {001} plane.
Table 2. Yield stress and its derivative with
respect to the temperature at diﬀerent
temperatures.
T
ð8CÞ

E
(MPa)

E =T

196
20
125
170

400
355
315
285

0.21
0.38
0.38
0.67

The ease of cross-slip can play a favourable role in the mechanical properties. In
fact, the occurrence of intensive cross-slip avoids the formation of dislocation pileups, keeping away stress multiplication at their tip. The high-applied stress (350 MPa
at 208C) corresponds to the stress necessary for propagating individual dislocations
through precipitates. The elongated shape of precipitates also promotes a high stress
level since it opposes bypassing mechanisms through short-range cross-slip.
} 5. Conclusion
In the present letter, evidence for cross-slip and glide in {100} planes in
Al–Mg–Si alloy 6056 has been found by in-situ and post-mortem TEM analysis
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performed between 20 and 1708C. These two elementary processes were observed to
be thermally activated.
The activation of cross-slip and {100} glide inﬂuences the mechanical strength of
this alloy at diﬀerent levels. Firstly, short range cross-slip in {111} and {100} planes,
occurring at least from room temperature, avoids the formation of dislocation pileups and consequently prevent stress multiplication. Secondly, at higher temperatures, stable glide in {100} planes will give dislocations the supplementary possibility
of bypassing precipitates. This second eﬀect is proposed to be at the origin of the
strong decrease in the yield stress above 1258C.
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