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Abstract: This paper focuses on the mechanical properties, electrical conductivity and fatigue
performance of ultra-fine-grained (UFG) Al-Mg-Si wires processed by a complex severe plastic
deformation route. It is shown that the nanostructural design via equal channel angular pressing
(ECAP) Conform followed by heat treatment and cold drawing leads to the combination of enhanced
tensile strength, sufficient ductility, enhanced electrical conductivity, and improved fatigue strength
compared to the wires after traditional T81 thermo-mechanical treatment used in wire manufacturing.
The Processing-microstructure-properties relationship in the studied material is discussed.

Keywords: Al-Mg-Si alloy; severe plastic deformation; microstructure; strength; electrical conductivity;
fatigue limit

1. Introduction

There has been a growing interest in the nanostructural design in Al alloys with the aim to achieve
the combination of enhanced mechanical and functional properties therein. This has been typically
done via processing by severe plastic deformation (SPD) followed by heat treatments [1–5]. Typically,
SPD processing of the Al alloys results in the formation of an ultra-fine-grained (UFG) microstructure
showing grain/subgrain size in the range of 50 nm to 1 µm depending on the alloy composition and
the applied thermo-mechanical path [1–5]. Earlier studies showed that grain refinement in the Al alloys
down to the UFG scale may increase their mechanical strength by a factor of 1.2–2.0 compared to
their coarse-grained (CG) counterparts processed by a standard aging treatment [1–4,6]. The Al alloys
with UFG microstructure can also demonstrate improved ductility [1,7,8], fracture toughness [9] and
electrical conductivity [1,10,11]. There have been significant research activities on fatigue performance
of the UFG Al alloys which were overviewed in several manuscripts [12–17]. Their main conclusions
can be shortly summarized as follows. The improvement of fatigue limit in the UFG Al alloys is not as
high as the mechanical strength due to a low increase in resistance to fatigue crack nucleation in the
high cycle fatigue (HCF) regime [13]. Reduced ductility of the UFG Al alloys results in very complex
low cycle fatigue (LCF) behaviour due to fatigue crack initiation at the early stage and enhanced
volume fraction of high angle grain boundaries promoting crack propagation. Low cycle hardening
or even cyclic softening are typical for the UFG Al alloys deformed cyclically under constant strain
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amplitude [18–20]. Manipulation of the nanostructural architecture in the Al alloys may improve their
HCF and LCF behaviour [21,22].

The vast majority of experimental studies on fatigue behaviour of UFG Al alloys was carried out
using samples processed mainly by equal-channel angular pressing (ECAP) [12–14], cryorolling [18,23]
or high pressure torsion (HPT) [24]. However, in industrial manufacturing additional metal-forming
operations have to be applied to the bulk UFG material in order to provide the final (or near-final) shape
of the end product. The final metal-forming operations can dramatically modify the microstructure and
thus, the properties of the material. Therefore, from the viewpoint of industrial end-users, the fatigue
performance of the samples having a final (or near-final) shape similar to that of the end-product is of
great importance. This paper studies the UFG Al-Mg-Si (Al6101) wires processed by ECAP-Conform
followed by artificial aging and cold drawing (CD) as the final metal-forming operation in wire
manufacturing. The properties of the UFG Al6101 are compared to its counterpart subjected to
the standard T81 thermo-mechanical treatment used in wire manufacturing. The latter alloy has
already been widely used in electrical engineering for overhead power lines, where strength, electrical
conductivity and fatigue resistance play a key role [25]. Therefore, the main objective of the present
work is to study fatigue properties taking into account also strength and electrical conductivity of the
UFG Al 6101 wire in comparison with its commercial counterpart.

2. Materials and Methods

Commercial Al 6101 alloy in the T1 condition (cooled from an elevated temperature-shaping
process and naturally aged) was selected as a material for study. Its chemical composition is: 0.58 Mg;
0.54 Si; 0.23 Fe; 0.003 Cu; 0.01 Zn; 0.012 (ΣTi + V + Cr + Mn); res. Al (wt. %). The supplied material
had a form of continuous cast re-draw rolled rods with a diameter of 12.5 mm. They were successively
annealed at 550 ◦C, water quenched and subjected to SPD processing. To form the UFG structure,
quenched billets were SPD-processed by ECAP-Conform technique for six passes under isothermal
conditions at 130 ◦C. The intersection angle of channels (ψ) constituted 120◦, resulting in an equivalent
strain of about ~4 after six passes [26]. A wire rod was rotated around the axis by +90◦ after each
ECAP-C cycle (route Bc). According to the previous studies [1,27,28], it is the most efficient mode to
form a homogeneous UFG microstructure in the Al alloys. The ECAP-Conform processing resulted
in rods having up to 1.5 m in length with a square cross-section of 11mm ×11 mm. No noticeable
macro-defects were observed on their surface. The processed rods were artificially aged (AA) at 170 ◦C
for 12hin order to achieve the optimal strength–conductivity balance [29]. Wire samples having a
diameter of 3.2 mm after ECAP-C and AA were processed via cold drawing.

The T81 processed wires of the Al 6101 alloy were also studied for comparison. Currently, this is a
standard processing route for the manufacturing of wires for application in the overhead power lines.

X-ray diffraction (XRD) studies were performed using Ultima IV diffractometer
(Rigaku, Tokyo, Japan) by CuKα irradiation (30 kV and 20 mA). The size of coherent domains
(D), values of mean-square microdistortion of crystalline lattice (<ε2>1/2) and crystalline lattice
parameter (a) were calculated using Rietveld analysis with the help of MAUD software (copyright by
L. Lutterotti, Trento, Italy) [30]. To estimate dislocation density (ρ), Equation (1) was used [31].

ρ = 2
√

3‹ε2›1/2/Db (1)

Microstructure characterization was performed by electron backscatter diffraction (EBSD) analysis
using a scanning electron microscope Zeiss Merlin. The EBSD samples were prepared using
conventional metallographic techniques followed by polishing using diamond and colloidal-silica
suspensions. The EBSD mapping was performed on a scan area of 32.6 × 24.4 µm2 with a scan step
of 0.15 µm. At least 1000 grains were analysed for each studied material condition. Seven Kikuchi
bands were used for indexing diffraction patterns. Distribution of grain sizes and grain boundaries
misorientation angle θ were determined from the EBSD maps. GBs with θ < 15◦ were referred to



Metals 2018, 8, 1034 3 of 12

as low-angle grain boundaries (LAGBs) and GBs with θ ≥ 15◦ were considered as high-angle grain
boundaries (HAGBs).

Microstructure studies were also performed using the transmission electron microscope (TEM,
JEOL, Tokyo, Japan) JEM 2100 at an accelerating voltage of 200 kV. Observations were made in both the
bright and the dark field imaging modes, and selected area electron diffraction (SAED) patterns were
recorded from the areas of interest using an aperture of 1µm nominal diameter. The linear intercept
method was used to measure grain size. At least 200 grains were analyzed to estimate the average
grain size.

The electrical resistivity of the studied material was measured in accordance with the IEC
60468:1974 standard (CEN, Bruxelles, Belgium) [32]. Straightened samples of at least 1 m long in a
rectified part were taken.

Cylindrical tensile specimens having a gauge length of 15 mm and gauge diameter of 3 mm were
machined from the rods before and after ECAP-C processing. Wire samples after ECAP-C and AA
followed by cold drawing, as well as after T81, have 250 mm gauge length. Mechanical tensile tests
were performed at room temperature using Instron 5982 tensile testing machine with a strain rate
of 10−3 s−1. Yield strength (σ0.2), ultimate tensile strength (σUTS) and elongation to failure (δ) were
estimated from the recorded engineering stress-engineering strain curves. To obtain consistent results,
at least three samples were tested per each data point, and the results were found to be reproducible.

Fatigue limit was measured for the SPD processed and T81 processed alloys. High cycle fatigue
tests were carried out on specimens having similar geometry (a gauge length of 15 mm and gauge
diameter of 3 mm) and in the repeated stress loading condition, where the stress varied between zero
and the maximum tensile stress σmax in a cyclic manner. The stress ratio R= σmin/σmax= 0, and the
stress amplitude was σamp = σmax/2. The testing frequency was 50 Hz. The value of stress amplitude
was in the range of 70–200 MPa for both tested conditions. At least three specimens were tested for
each stress amplitude. The number of cycles before specimen failure was counted, and the S-N curves
(Woehler curves) were plotted based on the obtained results. The fatigue limit was determined as the
number of cycles of 107.

3. Results and Discussion

3.1. Effect of Complex SPD Processing on Microstructure

Figure 1 illustrates the EBSD map of the microstructure of the alloy after solution treatment before
SPD processing. An inhomogeneous microstructure consisting of elongated coarse grains having
a width of 10 to 50 µm and finer spherical grains having a size of 1 to 5 µm is observed. Such a
microstructure is typical for the aluminium alloys produced by rolling.

Figure 1. EBSD orientation map of the alloy after solution heat treatment.
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ECAP-Conform processing results in significant grain refinement and the formation of a
homogeneous microstructure with a significant fraction of ultra-fine grains (Figure 2). Low angle
grain boundaries dominate in the microstructure. As seen from the histogram of grain boundary
misorientation distribution (Figure 2e), their fraction exceeds 50%. The average grain size of 1.7 µm
(Figure 2f) can be determined from the histogram of grain size distribution. TEM analysis indicates
that grain boundaries are well-defined, and dislocation tangles can be noticed on the TEM images
(Figure 2a,b). The X-ray measurements show an average dislocation density of 8 × 1013 m−2 in the
material after ECAP-C processing, which is relatively low compared to the SPD processed Al alloys [1]
and relevant to that of the Al6101 alloy after conventional T81 treatment (9.5 × 1013 m−2) (Table 1).

Figure 2. Al 6101 alloy after ECAP-C and AA at 170◦C. (a,c) TEM images in the longitudinal section;
(b) TEM image in the cross section; (d) EBSD map, cross section; (e) misorientation distributions,
obtained from the cross section; (f) grain size distributions, obtained from the cross section.

This can be related to the ECAP-C processing at the elevated temperature resulting in recovery.
Further artificial aging reduces it down to 4.3 × 1013 m−2. Formation of the rod-shaped metastable
β′-nanoprecipitates in the grain interior during artificial aging can also be clearly seen on the TEM
images (Figure 2c). Such precipitates are typically formed during artificial aging of the Al-Mg-Si
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alloys [10,11,29,33]. It should be noted that the size of the coherently scattered domain (CSD) measured
by XRD (Table 1) is by an order of magnitude lower compared to the grain/subgrain size observed in
TEM and EBSD analysis (Figure 2). As it is well known, the CSD size measured by XRD typically yields
much lower values of grain or subgrain size in the SPD processed metallic materials. This observation
was earlier rationalized based on the contribution of dipolar dislocation walls without differences in
the orientation, which break down the coherency of X-ray scattering [34].

Table 1. Results of the X-ray diffraction analysis of the Al 6101 alloy.

State/Treatment Dhkl, [nm] <ε2>1/2, [%] a, [Å] ρ, [m−2]

Initial state—T1 (this work) - - 4.0531 ± 0.0008 -
6 cycles ECAP-Cat 130 ◦C 165 ± 20 0.110 ± 0.024 4.0520 ± 0.0002 8.0 × 1013

ECAP-C + AAat 170 ◦C 188 ± 13 0.067 ± 0.031 4.0508 ± 0.0004 4.3 × 1013

ECAP-C + AA + CD 84 ± 1 0.097 ± 0.008 4.0507 ± 0.0003 1.4 × 1014

Conventional TMT T81 81 ± 4 0.054 ± 0.005 4.0516 ± 0.0002 9.5 × 1013

CD results in the formation of fiber-type grains elongated along the drawing axis and having
a width of 200–300 nm (Figure 3a). TEM analysis of the transversal section of the cold drawn wires
shows equiaxed grains with the same range of size (Figure 3b). Individual dislocations are also seen
in the interior of grains and at grain boundaries. The XRD measurements yield a dislocation density
of 1.4 × 1014 m−2, which is very close to that in the conventionally processed Al 6101 alloy (Table 1).
The CD leads to spheroidization of the rod-shaped second phase nanoprecipitates, which could be
related to the shearing of rod-shaped precipitates by gliding dislocations during CD (Figure 3c,d).
They have a diameter in the range of 5–15 nm. Similar observations were reported earlier for other
Al-Mg-Si alloys in Reference [34].

Figure 3. The Al 6101 alloy after ECAP-C processing, artificial aging and CD: (a,c,d) microstructure
on longitudinal section; (b) transversal section and corresponding SAED patterns; (c) bright field
TEM image and corresponding SAED patterns (the crystal is close to the [001] zone axis orientation);
and (d) dark field TEM image showing spherical second-phase nanoprecipitates present in the Al
matrix, TEM.
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Figure 4 presents TEM images of the microstructure of the conventional thermo-mechanically
(T81) processed Al 6101 alloy. Its microstructure is distinctly different from the microstructure of the
ECAP-C processed alloy after artificial aging and CD. First, the width of the elongated grains in the
T81 processed alloy are higher and reach about 0.4 µm (Figure 4a). Second, the needle-type metastable
β”-nanoprecipitates are present in the microstructure (Figure 4c,d). This difference is also clearly seen
from the outcomes of the EBSD characterization of these materials’ conditions (Figure 5). The EBSD
results indicate that the average grain width in the T81 processed alloys is about 1 µm (Figure 5g),
whereas its SPD processed counterpart demonstrates a very homogeneous microstructure with the
average grain size of 0.4 µm (Figure 5h). It should also be noted that the T81 processed alloy has a
heterogeneous microstructure (Figure 5a,c), and coarser grains having a size up to 4 µm (Figure 5h)
occupy a significant fraction of the microstructure in the T81 processed alloy. Moreover, the fraction
of HAGBs in the T81 processed alloy (49%) is much lower compared to that in the SPD processed
material (70%).

Figure 4. The Al 6101 alloy after conventional thermo-mechanical treatment T81: (a) microstructure
on longitudinal section; (b) microstructure on transversal section; (c) bright field TEM image showing
strengthening second-phase precipitates present in the Al matrix; and (d) corresponding SAED patterns
(the crystal is close to the [001] zone axis orientation), TEM.
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Figure 5. The Al 6101 alloy EBSD maps in longitudinal section: (a) T81; (b) ECAP-Conform, AA and
CD; in cross section: (c) T81; (d) ECAP-Conform, AA and CD; misorientation angle distribution,
cross-section: (e) T81; (f) ECAP-Conform, AA and CD; grain size distribution, cross-section: (g) T81;
and (h) ECAP-Conform, AA and CD.
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3.2. Effect of SPD Processing on Electrical Conductivity of the Wires

Outcomes of the electrical conductivity measurements are presented in Table 2. The evolution of
electrical conductivity during SPD processing of the alloy can be analyzed. The ECAP-C processing
at 130 ◦C results in an increase of electrical conductivity from 50.4% to 53.2% of IACS (International
Annealed Copper Standard). This is related to the homogenization of the microstructure and dynamic
aging during ECAP-C processing [29] compared to the T1 condition, when the material is cooled
from an elevated temperature and naturally aged. The artificial aging of the ECAP-C processed
material results in a further increase of electrical conductivity to 57.1% of IACS, which is due to the
purification of the matrix from the Mg and Si solute atoms via nanoprecipitation. As it is well known,
the conducting electrons are most effectively scattered at the solute atoms, while their scatter at the
second phase precipitates is less intensive [11]. Decomposition of supersaturated solid solution and
formation of nanoprecipitates leads to improved electrical conductivity in the material [11]. Further
CD of the artificially-aged alloy results in a slight reduction of electrical conductivity to 56.4% of IACS
due to an increase in dislocation density detected by the XRD measurements (Table 1). The lattice
defects are also known to scatter the conducting electrons, although at a lower extent than the solute
atoms [11]. Nevertheless, the electrical conductivity of the SPD processed wires is much higher
compared to that measured in the T81 conventionally processed alloy (54.1% of IACS). This can be
related mainly to a higher degree of purification of the Al matrix from Mg and Si atoms, demonstrated
by shifting the lattice parameter towards a pure aluminium value (Table 1), and the needle-type
metastable nanoprecipitates in the microstructure of the latter material (Figure 4). As it is well known,
the conducting electrons are scattered more effectively at the needle-type precipitates than at the
spherical precipitates, respectively [11,35].

Table 2. Mechanical properties and electrical conductivity of the Al 61 01 alloy during processing.

State/Treatment σ0.2
[MPa]

σUTS
[MPa] δ [%] Resistivity

[nΩm]
IACS
[%]

σR
[MPa]

σR/
σUTS

Ref.

Initial state—T1 1 120 ± 1 195 ± 2 22.4 ± 0.4 34.23 50.4 - -
[29]6 cycles ECAP-C at 130 ◦C 282 ± 8 308 ± 9 15.1 ± 0.6 32.42 53.2 - -

ECAP-C + AA at 170 ◦C 291 ± 10 304 ± 3 15.0 ± 2 30.20 57.1 - -

ECAP-C + AA + CD - 364 ± 9 3.5 ± 0.2 30.55 56.4 100 0.27
This workConvention T81 - 309 ± 7 4.1 ± 0.3 31.87 54.1 80 0.26

1 State of type T1—Cooled from an elevated temperature shaping process and naturally aged.

3.3. Effect of Complex SPD Processing on the Mechanical Properties and Fatigue Resistance

The results of mechanical tensile testing of the Al 6101 alloy after the conventional T81 treatment
and evolution of mechanical properties during processing via complex SPD route are presented in
Table 2. It is seen that the ECAP-C processing dramatically increases the mechanical strength of the
alloy. Yield strength increases by a factor of ~2.5 and its ultimate tensile strength increases by a factor
of ~1.5, while its ductility somewhat decreases from 22.4% to 15.1%. Surprisingly, artificial aging of the
alloy affects neither its mechanical strength nor its ductility, while it is well known that precipitation
hardening during artificial aging of the Al alloys typically improves their strength [33]. It can be
hypothesized that the strengthening effect due to the precipitation (Figure 3) is compensated by the
softening effect due to the reduction of dislocation density via recovery resulting in no noticeable
change of the mechanical properties (Table 1). CD of the artificially-aged material further increases its
ultimate tensile strength to 364 MPa at the expense of its ductility, which is dramatically reduced from
15% to 3.5%. Such a significant increase of mechanical strength by 60 MPa can be rationalized based on
the additional grain refinement during the CD process (Figure 3) and an increase of dislocation density
(Table 1). It should be noted that the T81 processed alloy shows much lower mechanical strength
(309 MPa) at the same level of ductility (4.1%) (Table 2). This is also clearly seen from the engineering
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stress–engineering strain curves presented in Figure 6a. The lower strength of the T81 processed alloy
is due to coarser grains reducing the grain-size-hardening effect [1,11,12] (Figure 5).

Cyclic tests yield a fatigue limit of 100 MPa for the SPD processed alloy, while its traditionally
T81 processed counterpart showed a lower fatigue limit of 80 MPa (Figure 6b, Table 2). The enhanced
fatigue strength of the SPD processed alloy can be entirely related to its higher mechanical strength.
Indeed, the σR/σUTS ratio for both materials has very similar values: 0.27 for the SPD processed
material and 0.26 for the T81 processed one (Table 2).

It should be noted that a somewhat higher level of the σR/σUTS ratio (0.30) was reported earlier
for the high-pressure torsion-processed Al 6061 alloy with a grain size of 170 nm in Reference [24],
while a lower σR/σUTS ratio of 0.20 was reported for the UFG Al 6061 alloy with an average grain size
of 0.6 µm processed by ECAP in Reference [21]. Such low σR/σUTS ratios were found also in other
ECAP-processed Al-Mg-Si alloys [12,13]. It is hard to make a direct conclusion about the effect of grain
size on the σR/σUTS ratio in the considered UFG Al-Mg-Si alloys, as the ECAP and HPT processed
alloys had equiaxed grains, while the Al 6101 alloys studied in the present work had fiber-type grains.
Nevertheless, it can be assumed that the amount of dislocations gliding across the elongated grain is
much higher compared to the number of dislocations gliding along the elongated grain. Therefore,
the width of elongated grains can be taken as a measure of grain size for the SPD and T81 processed
alloys. A trend for increasing the σR/σUTS ratio with decreasing grain size can be outlined. Therefore,
it can be hypothesized that dramatic grain refinement close to the nanoscale (i.e., 100 nm) in the
Al-Mg-Si alloys improves the fatigue limit not only due to the enhanced tensile strength. As it is well
known, the fatigue life of the metallic materials during HCF is controlled by fatigue crack initiation [36].
Therefore, the enhanced resistance to the fatigue crack initiation with decreasing grain size could be
another factor improving the fatigue limit of the Al-Mg-Si alloys.

Figure 6. Engineering stress–engineering strain curve (a) and fatigue curves (S-N curves) (b) for the
alloy after ECAP-C processing followed by artificial aging, cold drawing (referred to as UFG) and
conventional T81 processing (referred to as T81).

3.4. About Potential Application of the Developed Processing Route

The outcomes of this investigation clearly demonstrate that the microstructural design in the
commercial Al 6101 alloy via complex processing through combination of the SPD method, artificial
aging and metal-forming operation can lead to a set of simultaneously improved properties, such as
strength, electrical conductivity and fatigue limit, and retaining ductility at the level sufficient for
stranding of wires [1]. These are the key properties from the viewpoint of the manufacturing and
service life of overhead power lines. Enhanced electrical conductivity will dramatically reduce the
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power loss in transmission lines, whereas the enhanced mechanical strength along with the improved
fatigue limit would allow for increasing the distance between neighbor fermas of the overhead power
lines [25]. The developed processing technology opens new avenues for the manufacturing of advanced
wires for the modern electrical engineering.

4. Conclusions

The evolution of microstructure, tensile mechanical properties, electrical conductivity, and fatigue
limit of the Al 6101 wires during processing by complex severe plastic deformation route were studied.
The microstructure and properties were compared with those of the conventional T81 processed Al
6101 wire. The effect of processing on the microstructure and mechanical properties was analysed.
The following conclusions can be drawn.

1. The ECAP-C processing for six passes at 130 ◦C results in significant grain refinement and
formation of the homogeneous microstructure with an average grain size of 1.7 µm, a significant
fraction of ultra-fine grains and dominating low angle grain boundaries. Artificial aging
at 170 ◦C for 10 h leads to the formation of rod-shaped metastable β′-nanoprecipitates in
the grain interior and reduction of dislocation density. Final CD results in the formation of
fiber-type grains elongated along the drawing axis, having a width of 200–300 nm with spherical
nano-precipitates and dominating high angle grain boundaries. The microstructure of the T81
processed alloy is characterized by coarser fiber-type grains (about 1 µm) and needle-type
metastable β”-nanoprecipitates.

2. The ECAP-C processing of the alloy increases its electrical conductivity, which is further enhanced
during artificial aging due to the purification of the Al matrix from solute atoms. Despite a
slight reduction of electrical conductivity after CD, the SPD processed wire still demonstrates
significantly higher electrical conductivity compared to the conventional T81 processed Al 6101
commercial alloy.

3. The SPD processed Al 6101 wire shows significantly higher mechanical strength and fatigue
resistance (by ~20%) and similar levels of ductility compared to the conventional T81
processed counterpart.

4. The improved combination of mechanical strength, fatigue resistance and electrical conductivity
of the SPD processed Al 6101 wire in comparison with the T81 processed one is related to the finer
grain size and spherical β′-nanoprecipitates. Commercialization of the developed technology
for manufacturing of UFG wires could lead to a significant reduction of energy loss in the
transmission of overheard power lines. Another benefit is related to the lower cost of construction
and the service of the power lines due to larger spacing between fermas.
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