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Abstract: Al-Mg-Si alloys are used not only as construction material, but also as a material for
electrical conductors. For this application, it is crucial for the alloy to achieve a balance between
strength and electrical properties. This is achieved in practice by a combination of strain and
precipitation hardening. The current paper focuses on a heat treatment procedure in which the
EN AW 6101 alloy is cooled by a flowing air stream from the solutionizing temperature down
to the artificial ageing temperature. The proposed procedure, unlike the common heat treatment
leading to the T6 temper, allowed for the precipitation of the coarser β” phase with the presence
of relatively wide precipitate-free zones. The age hardening response was investigated by Brinell
hardness measurements, eddy current testing and microstructural observations using transmission
electron microscopy (TEM). The applied heat treatment resulted in slightly lower strength (compared
to the T6 temper), but improved electrical performance of the alloy.
Keywords: aluminum alloys; precipitation kinetics; electrical resistivity; hardness measurement;
electron microscopy; age hardening; phase transformation, precipitate-free zones

1. Introduction
Due to a high strength-to-weight ratio, good electrical conductivity and corrosion resistance,
Al-Mg-Si alloys (EN AW 6xxx series alloys) are widely used in electrical applications, mainly for
overhead power cables. In this case, manufacturing technologies that usually take advantage of a
combined effect of strain and precipitation hardening in order to increase strength should also enhance
the electrical performance of the final product. This can be achieved through an appropriately-designed
heat treatment procedure.
An important role of the 6xxx alloys’ heat treatment pertains to the precipitation kinetics of
particular metastable phases from a supersaturated solid solution. In terms of nucleation and growth
mechanisms, precipitates in the 6xxx series alloys can be divided into two categories: homogeneous
(atomic clusters, GP zones, β”) [1–18] and heterogeneous (β’, U1, U2, B’, β) [19–24]. Homogeneous
precipitates nucleate from a supersaturated solid solution uniformly in the whole volume of the
supersaturated aluminum matrix α. They nucleate at relatively low temperatures; their crystal
structures are mostly coherent with the matrix; and they exhibit relatively low interfacial energy [1–18].
For instance, atomic clusters nucleate at room temperature, while GP zones need elevated temperatures
just below 100 ◦ C to nucleate [6–16]. The main hardening precipitates, β”, nucleate at temperatures
above 100 ◦ C and remain metastable up to temperatures well below 200 ◦ C [17–23].
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Figure 1. Scheme of the precipitation kinetics in 6xxx series alloys.
Figure 1. Scheme of the precipitation kinetics in 6xxx series alloys.
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chemical composition of the EN AW 6101 wrought aluminum alloy used in this study is
listed in Table 1. Table 1. Chemical composition of EN AW 6101 alloy investigated (wt. %).
Al

Fe

bal.

Table Cu
1. Chemical
Si
Zn composition
Ti
Mn of EN
MgAW 6101
Ni alloy
Sn investigated
Pb
Cr(wt. %).
V

Al
Fe
Zn 0.008
Ti
0.211
0.502 Si0.001Cu0.002

Zr

Mn 0.512
Mg
Ni
V 0.01
Zr
B
0.001
0.005 Sn
0.001 Pb0.001Cr 0.001
0.002
bal. 0.211 0.502 0.001 0.002 0.008 0.001 0.512 0.005 0.001 0.001 0.001 0.01 0.002 0.003

B
0.003
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Figure 2. Temperature-time scheme of the conventional heat treatment procedure to the T6 temper.
Figure 2. Temperature-time scheme of the conventional heat treatment procedure to the T6 temper.
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Figure 3. Temperature-time scheme of the direct ageing procedure (T6DA).
Figure 3. Temperature-time scheme of the direct ageing procedure (T6DA).
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3. Results
3. Results
The conventional procedure of sample quenching from the solutionizing temperature of 530 ◦ C to
The conventional procedure of sample quenching from the solutionizing temperature of 530 °C
room temperature lasted less than one second. This is below the measurement resolution capability
to room temperature lasted less than one second. This is below the measurement resolution capability
used in the current study. However, achieving the desired level of artificial ageing temperature during
used in the current study. However, achieving the desired level of artificial ageing temperature
both investigated heat treatment procedures certainly required more time and could be monitored.
during both investigated heat treatment procedures certainly required more time and could be
The results showing the temperature changes with time are presented in Figure 4.
monitored. The results showing the temperature changes with time are presented in Figure 4.
It was found that samples cooled down directly from the solutionizing temperature to the ageing
It was found that samples cooled
down directly from the solutionizing temperature to the ageing
temperatures of 140, 170 and 200 ◦ C reached the final temperatures after ≈800 seconds. It should
temperatures of 140, 170 and 200 °C reached the final temperatures after ≈800 seconds. It should be
be pointed out that during this DA procedure, the samples were exposed to temperatures in the
pointed out that during◦ this DA procedure, the samples were exposed to temperatures in the range
range of about 200–400 C for a prolonged period of time. This stimulated a depletion from vacancies
of about 200–400 °C for a prolonged period of time. This stimulated a depletion from vacancies and
and created the most preferred conditions for heterogeneous nucleation of second phase precipitates.
created the most preferred conditions for heterogeneous nucleation of second phase precipitates. As
As might have been expected, the exposure time for this temperature range decreased with the
might have been expected, the exposure time for this temperature range decreased with the
quenching/artificial ageing temperatures and equaled ≈240 s, ≈340 s and over 800 s for quenching
quenching/artificial ◦ageing temperatures
and equaled ≈240 s, ≈340 s and over 800 s for quenching
temperatures of 140 C, 170 ◦ C and 200 ◦ C, respectively.
temperatures of 140 °C, 170 °C and 200 °C, respectively.
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separate graphs according to the ageing temperatures.
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In the conventional heat treatment to the T6 temper, the resistivity decreased only slightly (about
1.4%) after 24 h of ageing at 140 °C, reaching the value of 33.2 nΩm. On the other hand, during the
DA procedure, the resistivity decreased significantly: 3.4% at the first measurement point, just after
two hours of ageing; and it continued to decrease gradually, achieving resistivity values 6.5% lower
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In the conventional heat treatment to the T6 temper, the resistivity decreased only slightly (about
1.4%) after 24 h of ageing at 140 ◦ C, reaching the value of 33.2 nΩm. On the other hand, during the DA
procedure, the resistivity decreased significantly: 3.4% at the first measurement point, just after two
hours of ageing; and it continued to decrease gradually, achieving resistivity values 6.5% lower than in
non-aged samples (31.5 nΩm) and about 5% lower than after the conventional ageing to the T6 temper
lasting 24 h. These results show that during the undercooling stage, evident phase transformations
occurred in which solute atoms diffused out of the matrix, leading to a substantial drop in resistivity.
It should also be pointed out that phase transformations taking place during undercooling affected the
phase transformations occurring during subsequent artificial ageing, leading to more a substantial
drop in resistivity than in the conventional method. At the ageing temperature of 170 ◦ C the DA
procedure provided lower resistivity after every time interval compared to the conventional procedure.
In the early stage of artificial ageing, a significant decrease (−3.2%) in resistivity can be observed in
the DA procedure just after two hours of ageing. After 24 h of ageing in the DA procedure, the drop in
resistivity exceeded 10%, while in the conventional heat treatment, the resistivity decreased by ≈8%,
achieving 30.3 nΩm and 31 nΩm, respectively. At the ageing temperature of 200 ◦ C, the resistivity
decrease was noticeable after just 2 h of artificial ageing during both investigated heat treatments.
During the longer ageing time intervals the resistivity somewhat decreased, as the driving force for
phase transformations became weaker at this relatively high temperature. Using the DA procedure
with 24 hours of ageing time, the resistivity reached ≈29 nΩm, while in the conventional method,
it was ≈29.5 nΩm.
In order to investigate the phase transformations that were responsible for the macroscopic effects
described above, longitudinal sections of the alloy rods in different tempers were examined using
SEM (see Figure 7). In the microstructure of the rod in the as-fabricated condition, second phase
particles, likely Mg2 Si and α-Al5 FeSi, were identified upon their chemistry determined by the EDS
method. These particles are reported to be typical ones that crystalize from melt during solidification
in the industrial processes of the 6xxx alloys. The typical particles are shown in Figure 7a. It should
also be pointed out that all large particles are situated along the rolling direction as a result of plastic
deformation in a multi-stand rolling mill. After solutionizing treatment, followed by quenching in
Figure 6. Electrical resistivity of the EN AW 6101 wire rod subjected to artificial ageing at (a) 140 °C,
water (Figure 7b) or quenching directly to the ageing temperature, followed by artificial ageing for
(b) 170 °C and (c) 200 °C, using two different heat treatment procedures: to the conventional T6 temper
24 h at 170 ◦ C (Figure 7c), it was found that Mg2 Si particles were completely dissolved in the matrix.
and directly to the ageing temperature.

Figure 7. SEM micrographs of longitudinal sections of the wire rod after different heat treatment
Figure 7. SEM micrographs of longitudinal sections of the wire rod after different heat treatment stages:
stages: (a) as-fabricated; (b) solution heat treated at 530 °C/2 h, water quenched, naturally aged,
(a) as-fabricated; (b) solution heat treated at 530 ◦ C/2 h, water quenched, naturally aged, artificially
artificially aged at 170 °C/24 h; (c) solution heat treated at 530 °C/2 h, cooled down by flowing air
aged at 170 ◦ C/24 h; (c) solution heat treated at 530 ◦ C/2 h, cooled down by flowing air forced to 170
forced to 170 °C, artificially aged at 170 °C/24 h.
◦ C, artificially aged at 170 ◦ C/24 h.

The microstructural evolution in the Al matrix after both heat treatments was investigated by
TEM. Samples after 24 h of artificial ageing at the temperature of 170 ◦ C were selected for TEM
observations. The results are shown in Figure 8. Based on previous studies and the current TEM
observations, the needle-shaped precipitates β” can be identified in the aluminum matrix. In the T6
temper, the number density of β” precipitates was significantly higher, and their sizes were also much
finer compared to those of the directly-aged T6 (DA) temper. This may be associated with the fact
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that the atomic clusters formed during natural ageing may act as preferred nucleation sites for the
β” precipitates and that their further growth and coarsening was controlled by the Ostwald ripening
phenomenon during artificial ageing. On the other hand, the cooling step, from the solutionizing
temperature to the artificial ageing temperature, provided prolonged exposure of the alloy at elevated
temperatures, introducing a larger driving force for direct formation of much coarser and more
widely-dispersed β” precipitates.
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Figure 8. TEM micrographs showing the matrix precipitation of the alloy after two investigated heat
Figure 8. TEM micrographs showing the matrix precipitation of the alloy after two investigated heat
treatment procedures: (a,c) conventional heat treatment to the T6 temper including artificial ageing at
treatment procedures: (a,c) conventional heat treatment to the T6 temper including artificial ageing
170°C
for 24 h; (b,d) quenched directly to the temperature of 170 °C followed by 24 h of artificial
at 170◦ C for 24 h; (b,d) quenched directly to the temperature of 170 ◦ C followed by 24 h of artificial
ageing
ageing(T6DA).
(T6DA).

Figure 9 shows TEM micrographs of grain boundary regions in the alloy subjected to both
Figure 9 shows TEM micrographs of grain boundary regions in the alloy subjected to both
investigated heat treatments comprised of artificial ageing for 24 h at 170 ◦°C. The width of the PFZs
investigated heat treatments comprised of artificial ageing for 24 h at 170 C. The width of the PFZs
in the samples subjected to the regular T6 treatment was about 50–100 nm, while the PFZs in the
in the samples subjected to the regular T6 treatment was about 50–100 nm, while the PFZs in the
T6DA temper were significantly wider and reached a width of about 250–300 nm. This shows that
T6DA temper were significantly wider and reached a width of about 250–300 nm. This shows that the
the prolonged exposure of the alloy to elevated temperatures caused the diffusion of vacancies to
prolonged exposure of the alloy to elevated temperatures caused the diffusion of vacancies to grain
grain boundaries, impeding the nucleation of precipitates near grain boundaries during the cooling
boundaries, impeding the nucleation of precipitates near grain boundaries during the cooling step in
step in the DA treatment (ca. 200–400
°C). At the same time, it should be noted that there was no
the DA treatment (ca. 200–400 ◦ C). At the same time, it should be noted that there was no evidence of
evidence of grain boundary precipitates (GDP) formed in this process. GDPs are generally
undesirable since they are regarded as a principal cause of intergranular corrosion [26,27].
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Figure 9. TEM micrographs showing grain boundary regions of the alloy after two investigated heat
Figure 9. TEM micrographs showing grain boundary regions of the alloy after two investigated heat
treatments: (a,c) conventional heat treatment to the T6 temper including artificial ageing at 170◦ °C for
treatments: (a,c) conventional heat treatment to the T6 temper including artificial ageing at 170 C for
24 h; (b,d) quenched directly to the temperature of 170 ◦°C followed by 24 h artificial ageing (T6DA).
24 h; (b,d) quenched directly to the temperature of 170 C followed by 24 h artificial ageing (T6DA).
PFZ, precipitate-free zones.
PFZ, precipitate-free zones.

A similar difference in the width of PFZs can be observed in the TEM micrographs of regions in
A similar difference in the width of PFZs can be observed in the TEM micrographs of regions
close vicinity to rod-like, Fe-rich second phase particles (SPPs), as is shown in Figure 10. In the T6
in close vicinity to rod-like, Fe-rich second phase particles (SPPs), as is shown in Figure 10. In the
temper ,the width of PFZs near the SPPs was in the range between 50 and 100 nm, while in the T6DA
T6 temper ,the width of PFZs near the SPPs was in the range between 50 and 100 nm, while in the
temper, the width of PFZs reached about 250–300 nm. In addition, other particles in the vicinity of
T6DA temper, the width of PFZs reached about 250–300 nm. In addition, other particles in the vicinity
SPPs were observed at their interface with the matrix. This may suggest that some solute atoms
of SPPs were observed at their interface with the matrix. This may suggest that some solute atoms
diffused to the SPP during ageing.
diffused to the SPP during ageing.
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Figure 10. TEM micrographs showing second phase particle regions of the alloy after two investigated
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4. Discussion
4. Discussion
In the conventional T6 heat treatment, the alloy is initially subjected to the solution heat
In the conventional T6 heat treatment, the alloy is initially subjected to the solution heat treatment
treatment and then quenched in water. This allows not only for dissolving the Mg2Si second phase
and then quenched in water. This allows not only for dissolving the Mg2 Si second phase particles,
particles, but also for providing an excess of vacancies, which in turn, actively participate in the
but also for providing an excess of vacancies, which in turn, actively participate in the formation of the
formation of the metastable phases during ageing. After water quenching, solute clusters in the
metastable phases during ageing. After water quenching, solute clusters in the supersaturated matrix
supersaturated matrix are formed during natural ageing at room temperature. These clusters, in turn,
are formed during natural ageing at room temperature. These clusters, in turn, are preferred nucleation
are preferred nucleation sites for the main hardening phase, β”, that is formed during further artificial
sites for the main hardening phase, β”, that is formed during further artificial ageing [28–32]. This leads
ageing [28–32]. This leads to the formation of a very fine and uniformly-distributed β” phase in the
to the formation of a very fine and uniformly-distributed β” phase in the alloy matrix with narrow
alloy matrix with narrow precipitate-free zones at the grain boundaries, as well as at large second
precipitate-free zones at the grain boundaries, as well as at large second phase particles, providing the
phase particles, providing the highest level of mechanical properties.
highest level of mechanical properties.
In the other investigated heat treatment procedure, in which the alloy is quenched directly to the
In the other investigated heat treatment procedure, in which the alloy is quenched directly
artificial ageing temperature, the duration of cooling plays a crucial role. During relatively slow
to the artificial ageing temperature, the duration of cooling plays a crucial role. During relatively
cooling using forced air, the supersaturated α-Al matrix is exposed to temperatures where the
slow cooling using forced air, the supersaturated α-Al matrix is exposed to temperatures where the
excessive vacancies diffuse to grain boundaries and second phase particles, leading to the formation
excessive vacancies diffuse to grain boundaries and second phase particles, leading to the formation of
of relatively wide precipitate-free zones after ageing. The microstructure formed during this slow
relatively wide precipitate-free zones after ageing. The microstructure formed during this slow cooling
cooling influences the macroscopic properties, especially electrical resistivity. Comparing electrical
resistivity just after two hours of artificial ageing, it was found that the DA procedure provides
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influences the macroscopic properties, especially electrical resistivity. Comparing electrical resistivity
just after two hours of artificial ageing, it was found that the DA procedure provides significantly lower
electrical resistivity. This may be associated with the formation of a much larger and widely-dispersed
β” hardening phase at the same ageing temperature. The above findings can be successfully utilized
in designing a heat treatment technology of the alloys for which the electrical performance is the
primary factor.
5. Conclusions
(1) The cooling by the flowing air stream of the EN AW 6101 alloy directly from the solutionizing
temperature to the temperature of artificial ageing achieves a unique combination of hardness and
electrical resistivity.
(2) The large Mg2 Si second phase particles, produced from melt, dissolve during the 2-h solution
heat treatment, and after prolonged exposure to elevated temperatures during slow cooling in the
direct ageing (DA) procedure, they were not formed in the alloy microstructure.
(3) The direct ageing (DA) procedure produces a smaller number density of β” precipitates
and relatively wide precipitate-free zones along grain boundaries compared to the conventional T6
heat treatment.
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