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Abstract: Thermomechanical treatment consisting of heat treatment and deformation is an effective
processing route for precipitation-hardened 6xxx alloy (Al-Mg-Si-Cu system), and precipitates and
dislocations produced during the process can significantly change its mechanical and conductive per-
formance. We therefore investigated the microstructural evolution of precipitates in a representative
6xxx alloy during thermomechanical treatment. When the precipitates encountered the accumulated
dislocations, the precipitates were bent and broken into dispersed smaller particles. The strength of
the alloy was significantly improved by the proliferation of dislocations and precipitates and desired
electrical conductivity was obtained as well. Our results prove that peak aging plus cold rotary
swaging is an efficient processing route for simultaneously improving the mechanical and conductive
performance of 6xxx alloy.

Keywords: aluminum alloy; rotary swaging; microstructure; mechanical properties; electrical
conductivity

1. Introduction

With the increasing global energy consumption, aluminum alloys shows their unique
advantage as lightweight metallic materials compared with steel and copper alloys, and
have drawn widespread attention of researchers [1,2]. As a precipitation-hardened alloy,
6xxx aluminum alloy (Al-Mg-Si-Cu alloy) is widely applied as conductive materials, auto-
motive materials and building materials due to its good conductivity, high specific strength
and good formability [3,4]. Thermomechanical treatment consisting of heat treatment and
deformation is an effective processing route for 6xxx alloy [5], and precipitates and disloca-
tions produced during the process can significantly change its mechanical and conductive
performance [6]. Therefore, thermomechanical treatment is an important method to tailor
the mechanical and conductive properties of the alloy through changing the morphology
and distribution of precipitates, especially when used as conductive materials. As one of
the most effective thermomechanical treatments, aging treatment plus cold rotary swaging
is the optimizing candidate process for high-performance conductive materials, especially
conductive tubes [7].

Huang et al. [7] reported a copper alloy with excellent electrical conductivity and
strength fabricated by rotary swaging and aging treatment. Fan et al. [8] performed
cold stamping treatment on the Al-Cu-Mg alloy containing θ′ and S′ phases. Their work
showed that the hardness reached 125 HB, which is ca. 127% higher than the alloy before
deformation. Huang et al. [9] reported the dissolution of the θ” phase in the multiaxial
compression and precipitation of Guinier Preston zones (GPs) in the following natural
aging treatment, which led to a significant increase in hardness value of Al-4Cu (wt.%) alloy.
Sauvage et al. [10] conducted high pressure torsion (HPT) and post-aging treatment on the
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Al-Mg-Si alloy, and obtained nano-sized precipitates and grain, and reported attainment
of outstanding combination of strength and electrical conductivity compared with T6
treatment (quenching-artificial aging).

In accordance with different copper content, there may be several types of nano-sized
precipitates and their composite phases in the 6xxx alloy matrix after aging treatment, in-
cluding β′′, Q′, L, etc., and we previously studied the transformation mechanism between
them on a nanometer level [11–13]. Based on these achievements, we applied peak aging
plus cold rotary swaging treatment for a 6xxx alloy. Several nano-sized precipitates were
found in the treated alloy, and both the mutual transformation between precipitates and
GPs and the dissolution process of the precipitates were observed during the deformation
process. These nano-structural changes will significantly affect the mechanical and conduc-
tive performance of the alloy. Therefore, we investigated the evolution of morphology and
distribution of nano-sized precipitates in the alloy during the thermomechanical process,
and explain how these nano-structural changes determine the mechanical and conductive
behavior of the alloy in this present paper. The results will provide a deeper understanding
of the nano-structural evolution of 6xxx aluminum alloy in thermomechanical treatment
and contribute to the design of such alloy when used as conductive materials.

2. Materials and Methods

A representative 6xxx alloy (Al-0.71Si-0.65Mg-0.05Cu, wt.%) was prepared under a
protective atmosphere (99.998 vol.% argon) utilizing an electric resistance (ZG-10, Borui
Source, Jinzhou, Liaoning, China) melting at 740 ◦C. The raw materials were high purity
aluminum (99.99 wt.%, JinHai Aluminium, Nanjing, JiangSu, China), Al-10Si (wt.%, CSRE,
Changsha, Hunan, China) master alloy, Al-10Mg (wt.%, CSRE, Changsha, Hunan, China)
master alloy and Al-50Cu (wt.%, CSRE, Changsha, Hunan, China) master alloy, respectively.
Hot extrusion processing was conducted by using an extruder (XJ-800T, Yuanchang, Suzhou,
JiangSu, China). The prepared rods with 5.0 mm in radius were then pre-treated by solution
treatment at 540 ◦C for 1 h followed by cold water quenching (SX2 resistance furnace,
Huyueming, Shanghai, China), and artificial aging treatment at 175 ◦C for 9 h (BPG-9106A,
Yiheng, Shanghai, China). Pre-treated rods were cold rotary swaging processed with
different area reduction ratios of 19%, 58% and 91%.

Uniaxial tensile experiments were carried out on an AG-XPLUS100 tensile testing
device (Shimadzu, Kyoto, Japan) with strain rates of 10–3 s−1. Electrical conductivity was
measured utilizing a PC36C electrical conductivity testing device (Hanyi, Shanghai, China)
and the data were expressed in International Annealed Copper Standard (%IACS). All the
measurements were performed five times to obtain the statistical data.

The optical microstructure was observed with a Carl Zeiss Scanning Electron Micro-
scope (SEM), equipped with an Electron Back-Scatter Diffractor (EBSD). The evolution
of precipitates and dislocations during the thermomechanical treatment was examined
using a Thermo-Fisher Tecnai G20 Transmission Electron Microscope (TEM, Thermo Fisher,
Waltham, MA, USA). A JEOL ARM200F Scanning Transmission Electron Microscope (STEM,
JEOL, Tokyo, Japan) equipped with a spherical aberration corrector was used to acquire the
low angle annular dark field-scanning transmission electron microscopic (LAADF-STEM)
images and bright field-scanning transmission electron microscopic (BF-STEM) images.
All the photographs were observed along the <001>Al direction. An X’Pert MPD X-ray
diffraction instrument (XRD, PANalytical, Almelo, The Netherlands) was employed to
determine the XRD patterns and the crystallite size of the alloy with a scanning angle
between 20◦ and 100◦ and a scanning speed of 2◦·min−1. X‘Pert Highscore software with
Rietveld refinement method was used to analyze the data [14].

3. Results

The XRD patterns of the alloy before and after cold swaging and the corresponding
lattice parameter variation histogram are shown in Figure 1. It can be seen that the X-ray
diffraction peaks of the alloy shift from the high angle to low angle after deformation, indi-
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cating that there is lattice expansion caused by atomic dissolution [15,16]. The increasing
deformation amount also leads to the increase of lattice constant, indicating that more
solute atoms diffused into crystal lattice [15,17].
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Figure 1. XRD patterns of the Al-Mg-Si-Cu alloys with different deformation amount (a) and their
corresponding local enlarged view (b); histogram of the lattice parameter with different area reduction
ratio (c).

The EBSD images and their corresponding grain size distribution of the alloy with
different deformation amounts are shown in Figure 2. In the peak-aged state, the grains
showed equiaxed in shape (Figure 2a). When the area reduction rate was 19%, the grains
were elongated with reduced grain size from 184.47 µm to 81.22 µm. Meanwhile, the
small angle grain boundaries (SAGBs, boundary angle < 15◦) inside the grains increased
remarkably (Figure 2c). With increasing area reduction rate, the grain elongation and
refinement effect became more obvious. When the area reduction rate increased to 91%,
the grains exhibited slender and fibrous shape, whose average grain size decreased to
8.80 µm (Figures 2g and 3h). Compared with the alloys with lower deformation amount,
the quantity density of SAGBs increased significantly (Figure 2g).

We then comparatively analyzed the TEM images of the alloys with different defor-
mation amounts to study the interaction between dislocations and precipitates (Figure 3).
As deformation amount increased the quantity density of dislocations kept growing. The
nano-sized precipitates were observed as rod-shaped contrasts along their long axis, while
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their cross sections appeared in the form of punctate black contrasts (Figure 3b). A small
portion of the rod-shaped precipitates could still be observed when the area reduction
rate was 19%, while most of them were bent and broken along their long axis under the
shear action of dislocations. The fractured precipitates were further pulled and smashed by
dislocations (Figures 3c and 4d). When the area reduction rate reached 58%, no rod-shaped
precipitates were observed. With the increasing deformation amount, dislocations accumu-
lated on the surface of precipitates and kept cutting them. This process repeatedly occurred
during the whole deformation process until all the bigger precipitates were broken into
smaller nano-sized particles and GPs, and therefore the density of precipitates significantly
increased (Figures 3g and 4h).
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represent different grain orientations; white lines represent SAGBs, while black lines represent large
angle grain boundaries (LAGBs, boundary angle ≥ 15◦).
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Figure 3. Bright-field TEM images of the initial samples (a) and deformed sample at area reduction
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Figure 4 demonstrates the mechanical performance of the Al-Mg-Si-Cu alloys with
different area reduction ratios. The peak-aged alloy showed the lowest yield strength
and highest elongation rate. After cold rotary swaging, the yield strength of the sample
increased continuously, while the elongation decreased gradually. When the area reduction
ratio was 19%, the yield strength and elongation rate of the deformed sample were 351 MPa
and 9.44%, respectively. When the area reduction ratio increased to 91%, the yield strength
of the sample increased to 410.72 MPa whilst the elongation rate decreased to 6.71%. It is
worth noting that, although the elongation rate of the alloy decreased after deformation, its
value was still higher than the relevant standards of aluminum alloy conductors [18]. This
phenomenon is mainly due to the prevention effect to crack propagation by cold rotary
swaging [19].

Electrical conductivity with different area reduction ratio of the Al-Mg-Si-Cu alloys is
shown in Figure 5. The electrical conductivity decreased from 52.85% IACS to 51.16% IACS
when the area reduction ratio increased to 58%. With the continuous increasing deformation
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amount, the electrical conductivity gradually recovered. When the area reduction ratio
reached 91%, the electrical conductivity was 52.78% IACS. In the initial phase of the
deformation process, the re-dissolution of solute atoms occurred in the transformation
between precipitates and GPs (Figures 1 and 3), resulting in the decreasing electrical
conductivity [20,21]. However, the growing slender fibrous grains produced during the
cold rotary swaging process led to a quick recovery of electrical conductivity [22].
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Figure 4. Variations of yield strength and elongation with different area reduction ratio of the
Al-Mg-Si-Cu alloys.
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Figure 5. Variations of electrical conductivity with different area reduction ratio of the Al-Mg-Si-Cu
alloys. The corresponding TEM images and EBSD microstructure are depicted as an inset.

Fractographic SEM images of the Al-Mg-Si-Cu alloys with different area reduction ra-
tios are presented in Figure 6. A large number of elliptical or circular dimples were observed
in the fracture surfaces of all samples, indicating a ductile fracture mode. The nucleation,
growth, aggregation and fracture of micro voids are the primary mechanism of fracture
failure of the samples during deformation. With the increase of the area reduction rate, the
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average depth and size of the dimples decreased gradually owing to the microstructure
refinement and work hardening [23], leading to a decreasing elongation rate.
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4. Discussion

Free energy of precipitates is the decisive factor of their transition behavior, and
further determines the mechanical and conductive behavior of the alloy [24]. The free
energy comparison of the peak-aged alloy and the peak-aged plus cold swaged alloy is
schematically illustrated in Figure 7. According to the solid-state phase transformation
theory of aluminum alloy, the Gibbs free energy of precipitates is lower than that of the
aluminum matrix during aging treatment, so the intermetallic compounds precipitate from
the aluminum matrix [25]. During the subsequent swaging process, the free energy of the
aluminum matrix and the metastable precipitates increased due to the presence of crystal
defects represented by dislocations [26,27]. However, the shear modulus of the precipitates
(µβ′′ = 34.2 GPa [28], µQ = 46.61 GPa [29]) is higher than that of the aluminum matrix



Crystals 2022, 12, 530 8 of 11

(µα-Al = 26.9 GPa [30]), leading to the higher increasing distortion energy [26]. Furthermore,
as an obstacle to dislocation slip, higher density dislocations will accumulate on the surface
of nano-sized precipitates in the alloy (Figure 3) [26]. Therefore, the growth of free energy of
nano-size precipitates is significantly higher than that of the aluminum matrix, as shown in
Figure 7. Consequently, the concentration of solute atoms in deformed alloy is higher than
that of the peak-aged alloy (x2 > x1), which provides the driving force for the re-dissolution
of solute atoms.
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Figure 7. Schematic illustration of Gibbs free energy changes for the α-Al matrix and precipitate
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represents Gibbs free energy and x represent the concentration of solute atoms.

There are two primary precipitation strengthening mechanisms, namely dislocation
shearing mechanism and Orowan dislocation bypassing mechanism [30,31]. For the peak-
aged alloy in this present study, dislocation shearing is the main mechanism [32]. The
dislocation shearing behavior has also been proved by our previous study, which resulted
in the reverse transformation of precipitates into Guinier–Preston zones (GPs) [13]. The
increment of yield strength due to the precipitation strengthening caused by dislocation
shearing can be calculated by the following equation [30,32]:

σsh
ppt = Mαε(Gε)3/2(2fvr/Gb)1/2 (1)

where M is the Taylor factor (3.06 for the fcc aluminum matrix [30]), αε is a constant (2.6 [30]),
G is the shear modulus of the aluminum matrix (26.9 GPa [30]), ε is the lattice strain between
precipitate and matrix, b is the Burger vector (0.286 nm for the aluminum matrix [15]), r is
average radius of the equivalent cross-section on the slip planes, fv is the volume fraction
of precipitates.

From the microstructural analysis of the alloy (Figure 3), we can calculate that
r = 1.52 nm, fv = 0.88% and ε = 0.021. Therefore, the increment of yield strength of the
peak-aged alloy due to precipitation strengthening is 199.19 MPa.

In the following cold swaging process, the average grain size decreased with the
increase of deformation amount (Figure 2). When the area reduction rate reached 91%, the
grain size decreased from 184.47 µm to 8.8 µm. The increment of yield strength caused by
grain refinement is 17.92 MPa, which can be determined as follows [33]:

σgb = kd−1/2 (2)

where k is a constant (0.068 MPa m1/2 for the aluminum alloy [33]), d is the average grain
size. The dislocation density increased with the increase of deformation amount (Figure 3).
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When the area reduction rate reached 91%, the dislocation density was 4.4 × 1014 m−2.
The increment of yield strength due to dislocation strengthening can be calculated by the
following equation [33]:

σdis = MαGbρ1/2 (3)

where α is a constant (0.2 for the fcc aluminum matrix [33]), ρ is the dislocation density.
The contribution of dislocation strengthening is ca. 98.76 MPa, and the total increment

of yield strength for the alloy after deformation (area reduction rate of 91%) is 121.11 MPa.
Therefore, it is estimated that the increment of yield strength caused by solid-solution
strengthening from re-dissolution of solute atoms is ca. 4.43 MPa. Hence, the domi-
nant strengthening mechanisms of the thermomechanically treated alloy are precipitation
strengthening and dislocation strengthening.

Similar to the alloy strengthening mechanism, the total electrical resistivity of the alloy
is equal to the sum of electron scattering caused by different types of structure in the alloy,
which can be expressed by Matthiessen’s rule [15,34]:

ρtotal = ρpure + ρgb + ρss + ρppt + ρdis (4)

where ρpure is the electrical resistivity of pure aluminum (2.7 µΩ cm [15]), ρgb, ρss, ρppt and
ρdis are the electrical resistivity induced by grain boundaries, solute atoms, precipitates and
dislocations. Among these factors, solute atom resistivity and grain boundary resistivity
play the leading roles [20,21,30]. The solid solution atom resistivity can be calculated by
the following equation [15,34]:

ρss = ∑iCi
ss∆ρi

ss (5)

where Ci
ss is the concentration of the i solute atom, ∆ρi

ss is a constant described by the
electrical resistivity caused by the i solute atom per unit concentration.

During the subsequent swaging treatment of the peak-aged alloy, a part of the pre-
cipitates transformed into GPs under the shear action of dislocations, which could further
release solute atoms (Figures 1 and 3) [35]. With the increase of deformation amount, this
process was accelerated and the concentration of solute atoms correspondingly increased.
Therefore, with the increasing area reduction rate, the electrical resistivity of the alloy
gradually increased while the electrical conductivity gradually decreased (Figure 5). When
the area reduction rate reached 58%, the conductivity of the alloy reached the minimum
value. Subsequently, with the further increasing deformation amount, the conductivity
slightly increased as the result of the morphological change of grains [22]. The increment
of electrical resistivity due to the grain boundaries can be calculated by the following
equation [22]:

ρgb = ∆ρgb/L (6)

where ∆ρgb is a constant described by the electrical resistivity caused by the grain boundary
per unit density, L is average grain length.

It can be observed from Figure 2 that when the area reduction was higher than 58%,
the grains were significantly elongated and presented a slender shape. Therefore, with
the increase of the L value (average grain length), the electrical resistivity decreased and
the electrical conductivity increased. It is worth noting that in this state the dominant
factor inhibiting the electron moving is still the increment of solute atom density. Hence
the electrical conductivity of the alloy after deformation is still lower than that before
deformation (Figure 5). These results prove the effectiveness of peak aging plus rotary
swaging on optimizing the mechanical and conductive performance of 6xxx alloys. Our
future work will focus on precisely regulating the alloy’s mechanical and conductive prop-
erties by tailoring its nanometer scale microstructure via adjusting the thermomechanical
treatment system.
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5. Conclusions

We systematically studied the microstructural, mechanical properties and conduc-
tivity evolution of an aged typical 6xxx alloy during cold rotary swaging. The quantity
density of SAGBs increased significantly with increasing deformation amount. Dislocations
accumulated on the surface of the precipitates and kept cutting them until all the bigger pre-
cipitates were broken into smaller nano-sized particles. Attributed to the co-strengthening
contribution of precipitation and dislocation, the yield strength of the thermomechanically
treated alloy increased from 289.61 MPa to 410.72 MPa. Meanwhile, the electrical conduc-
tivity of the alloy first slightly degreased and then recovered to 52.78% IACS during the
thermomechanical treatment. When the area reduction was higher than 58%, the grains
were significantly elongated and therefore led to the recovery in the electrical conductivity.
Our findings are crucial to precisely designing the thermomechanical treatment system for
6xxx alloy to meet those special performance requirements.
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