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Abstract: Aluminum profiles—for instance, profiles made of precipitation-hardenable alloys—are
increasingly used for decorative details in the automotive industry. Typically, after hot extrusion
and at least two to three days of natural aging (NA), the aluminum profiles are artificially aged.
A commercial EN AW-6060 alloy of high purity was used for this investigation. Tensile tests were
used as the main measurement method. This article focuses on the effect of short-term heat treatment
on the point in time at which a significant increase of the ultimate tensile strength (UTS) during NA
can be measured. Short-term heat treatment is shown to delay this point in time by almost four days,
but it increases the variation of UTS. A heterogeneous temperature profile during short-term heat
treatment was identified as one reason for this result. Finally, a strategy for minimizing variations in
mechanical properties of artificially-aged aluminum alloys was developed, based on the experimental
results of this study.
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1. Introduction

Due to their low density, aluminum alloys are often used in the automotive industry.
For decorative details, the 5000 series and the 6000 series are suitable [1]. The production includes
different steps. After continuous casting and homogenization (about 550 ◦C) the aluminum is
extruded. Because of the temperature of hot extrusion, solution annealing can be carried out during
hot extrusion [2]. At this point in the production process, the aluminum profiles have a relatively
low strength. However, with precipitation hardening, the strength of Al alloys can be increased up to
700 MPa [1]. In the common method of production, after natural aging (NA) at room temperature,
aluminum profiles are heat-treated. During artificial aging (AA), the mechanical properties are
changed and stabilized [3]. This is important, as roof racks, for example, must provide a high strength
and a brilliant surface without any scratches. However, variations in mechanical properties impair
post-processing of the final geometry.

To stabilize the microstructure prior to AA, the point in time, at which a significant increase of
UTS can be measured, should be delayed. Si clusters (concentrations of silicon atoms) are known to be
formed immediately after hot extrusion [4], followed by the formation of Mg clusters (concentrations
of magnesium atoms) [5]. Within a few days, the Mg clusters dissolve and Si clusters accumulate with
Mg (co-clusters). In Al–Mg–Si alloys, vacancies are also responsible for the stability in the formation
of co-clusters [4,5]. Up to their peak aged state during AA, there can be stable GP(II)-zones and
a β′ ′-phase (Mg5Si6) [6]. If the needle-coherent β′ ′-phase converts into a semi coherent β′-phase
(Mg9Si5), the strength decreases [7].

To stabilize the microstructure after hot extrusion, the formation of clusters should be delayed.
This requires a temperature at which the formation of GP(II)-zones is possible—for example 150 ◦C
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for 5–30 min or 80 ◦C for several hours right after hot extrusion. The kinetics of formation of the
β”-phase of the quenched aluminum then remain [6]. With short-term heat treatment, the curability
can be improved [8]. In 1941, Haase [9] carried out a short-term heat treatment (250 ◦C for 2 min) to
reverse NA. In 2018, Madanat [10] realized a short-term heat treatment (250 ◦C, for 1 s to 5 min) for
Al–Mg–Si alloys after two weeks of NA. A subsequent NA was noticed comparable to the first NA
after quenching [10]. In contrast to the investigation of Madanat [10], this article is focussed on the
effect of short-term heat treatment after different duration of NA and AA.

The second option to delay NA is performing a step-quenching after hot extrusion [11].
For example, holding a temperature of 100 ◦C for some hours is effective for Al–Mg–Si alloys [12].
Pogatscher [13] realized an interrupting quenching (160 ◦C for 120 s) to suppress the NA. To minimize
production time, in this investigation the first option—a short-term heat treatment—was realized.
Usually, aluminum profiles are naturally aged at least one to three days—depending on the chemical
composition—before AA. For the alloying system 6060, the minimum duration of NA is three days.
During production, AA is carried out in a circulating air oven instead of a continuous furnace.
Therefore, aluminum profiles were collected after hot extrusion and then artificially aged at the same
time. The duration of NA varies up to several days. Nevertheless, the time of AA is independent of
the fluctuating time of NA. The mechanical properties of the profiles have to be comparable to each
other. The basic idea is to increase the flexibility during production. For this, the minimal time of NA
should be decreased. In this case, AA could be carried out directly after hot extrusion or after a few
days of NA without making a difference for the mechanical properties.

The aim of this investigation was to evaluate the influence of a number of parameters on the
ultimate tensile strength and its mean variation. Therefore, parameters during heat treatment, such as
duration of NA, short-term heat treatment, and AA, were varied. All of the tests were carried out
under laboratory conditions.

2. Materials and Methods

The investigated alloying system is EN AW-6060. The permissible contents of the alloying
elements are shown in Table 1. The chemical composition of a part of the continuously cast material
was measured. Therefore, an optical emission spectrometer (Thermo Fisher Scientific, type ARL 4460,
Waltham, MA, USA) was used. By using several measurement points distributed over the cross-section,
the influence of segregation could be evaluated. The complete extruded profiles were used for the
tensile tests. This experimental procedure is recommended up to a profile thickness of 4 mm [14].
A list of all experiments is shown in Table 2.

Table 1. Limits of EN AW-6060 in wt %. Adapted from [1], with permission from Granta Design, 2017.

Alloying Element Content

Si 0.3–0.5
Fe 0.1–0.3
Cu Max. 0.1
Mn Max. 0.1
Mg 0.35–0.6
Cr Max. 0.05
Zn Max. 0.15
Ti Max. 0.1

other Max. 0.15
Al Bal.
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Table 2. Set of experiments with short-term heat treatment (NIR), natural aging (NA), and artificial
aging (AA).

No. NIR NA AA

1 60 s up to 10 d -
2 - up to 10 d -
3 60 s 1 d, 3 d 140 ◦C, up to 7 h
4 - 1 d, 3 d 140 ◦C, up to 7 h
5 - 4d, 25 d 230 ◦C, up to 10 h

After NA lasting between 4 h and 8 h (22 ◦C–24 ◦C), one profile geometry was subjected to
short-term heat treatment for nearly 60 s. The chosen time was too short to minimize coherent and
incoherent phases that form during longer holding times [10]. For the short-term heat treatment,
near-infrared emitters positioned above and below the profile were used. Each of them had a
power of 4 kW and was made of quartz. In this study, the short-term heat treatment is called NIR
treatment. The temperature during heat treatment was controlled by thermocouples and a data logger
(Testo, type 176T4, Lenzkirch, Germany). The degree of accuracy is ±0.5% and the resolution is 0.1 ◦C.
The temperature could be checked every second by visual inspection. A reading was stored in a
10-seconds cycle. Figure 1 illustrates the temperature profile during NIR treatment of two tests with
identical boundary conditions. The average temperature of NIR treatment was nearly 230 ◦C (15 s–75 s).
To realize the temperature profile, the power of the near-infrared emitters has been varied. Within the
first 15 s, a power of nearly 2.4 kW was used to heat up the profiles. For the next 60 s the power was
reduced (1 kW), before the emitters were turned off (Figure 1, 75 s). The cooling was carried out in
air. After NIR treatment, the profiles were naturally aged at 20 ◦C–35 ◦C (temperature of ambient air).
The different temperature during NA is based on temperature fluctuations between day and night in
the storage hall. The NIR-treated samples were stored together with samples without NIR treatment
for up to 25 days. Tensile tests were done at different points in time during NA (Table 2, No. 1,2).
Some of the samples were artificially aged at 140 ◦C (Table 2, No. 3,4) or at 230 ◦C (Table 2, No. 5).
AA was carried out in a circulating air oven (Nabertherm GmbH, Lilienthal, Germany). The cooling
was realized in the oven, with the oven door left open.

After heat treatment, metallographic specimens were cut out of the samples. The embedding was
performed at room temperature with epoxy resin (Kulzer GmbH, Hanau, Germany). For polishing,
the samples were handled with diamond suspension (particle size: 1 µm, Microdiamant GmbH,
Lengwil, Switzerland) and lubricant. Afterwards, a final polishing with a silica suspension
(particle size: 0.25 µm, Microdiamant GmbH, Lengwil, Switzerland) was performed. An etching
(10 vol % H2SO4, 5 vol % HF) and an optical microscope (DM 2000M, Leica Microsystems GmbH,
Wetzlar, Germany) were used to visualize the microstructure. This etching makes secondary
precipitates, grain surfaces, and crystal segregations visible [15]. To investigate the microstructure,
the software ImageJ (Version 1.48v, Wayne Rasband, Bethesda, MD, USA) was used. After binarizing
light microscopic pictures, the surface area of the holes the particles had left was measured.

The metallographic constituents of samples with different heat treatments (casted, extruded,
and over-aged) were investigated. Therefore, the samples were polished with a silica suspension
(particle size: 0.25 µm, Microdiamant GmbH, Lengwil, Switzerland). They were investigated by
means of a scanning electron microscope (SEM) (Vega3SBH, Tescan GmbH, Dortmund, Germany)
and an energy dispersive X-ray spectroscope (EDS) (XFlash 5030, Bruker; software Quantax, Billerica,
MA, USA). The recommended distance between the pole shoe and the surface of the samples deviated
from the used distance. Because of the geometry of the samples, the limit of the settings was reached.
The acceleration voltage (10 kV for SEM, 15 kV for EDS) and the beam diameter (68 nm–204 nm)
were customized.
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Figure 1. Temperature profiles of NIR treatment for two tests with the same boundary conditions.
Adapted from [16], with permission of Kernebeck, 2017.

To investigate the mechanical properties, tensile tests were done with a tensile test machine
(Zwick/Roell, Ulm, Germany) at room temperature. For this, the complete profiles were used.
This experimental procedure is recommended up to a profile thickness of 4 mm [14]. The positions of
the samples were reproducible. A preload of 10 MPa and a test speed of 0.008 1/s were used.

3. Results

3.1. Variation of Mechanical Properties

Experiments 1 and 2 (Table 2) amounted to an increasing UTS during NA (Figure 2). The UTS of the
NIR-treated samples was at a lower level compared to the other samples (Figure 2). Within the first four days
after hot extrusion, the values of UTS of the NIR samples (Table 2, No. 1) remained nearly constant. In the
further course of NA, UTS increased. Due to the NIR treatment, the point in time at which the significant
increase of UTS was detected shifted by four days [6]. In general, the standard deviation in UTS of the
NIR-treated samples (±2.5 MPa) was higher than that of the other samples (±0.3 MPa).

Figure 2. Ultimate tensile strength (UTS) depending on the time of NA after hot extrusion (Table 2, No. 2)
and after hot extrusion with additional NIR treatment (Table 2, No. 1). Adapted from [16], with permission
of Kernebeck, 2017.
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During AA at 140 ◦C (Table 2, No. 3,4), UTS increases continuously (Figure 3). The under-aged state
still exists for up to seven hours of AA. The UTS of the samples without NIR treatment (Table 2, No. 4)
ascends by nearly 6 MPa/h. The difference between one day and three days of NA is nearly 3 MPa over the
course of AA. In contrast, the UTS of the samples with NIR treatment (Table 2, No. 3) ascends with nearly
8 MPa/h. There was no significant difference between one day and three days of NA for the NIR-treated
samples. In general, the UTS of the NIR samples was on a lower level than that of the other samples.
The difference between the samples with and without NIR treatment decreased from 11 MPa (0 h AA)
to 5 MPa (7 h AA). When AA was carried out at 230 ◦C (Table 2, No. 5), the whole annealing-curve was
measured. The peak aged state was reached between one and three hours of aging.

Figure 3. Ultimate tensile strength (UTS) depending on the time of AA at 140 ◦C: (a) after 1 d NA,
and (b) after 3 d NA. Adapted from [16], with permission of Kernebeck, 2017.

3.2. Investigation of the Microstructure

NIR treatment (230 ◦C, 60 s) probably has an influence on mechanical properties. Ostermann [6]
suggests a short-term heat treatment for up to several hours. To compare the influence of a longer heat
treatment at the same temperature, the situation after hot extrusion, the peak aged state (230 ◦C, 3 h),
and the over-aged state (230 ◦C, 10 h) will be considered more closely. Figure 4 shows two light microscopic
pictures of two heat treatment conditions (extruded and peak aged). By etching the samples, the appearance
of the microstructure is influenced. The dark spots on Figure 4 are not precipitates—they represent the
empty spaces that have left the precipitates. In addition to the situation after hot extrusion (Figure 4a),
dispersed artefacts are present after AA (Figure 4b). The results of the analysis of the artefacts are shown in
Figure 5. The number of small artefacts (surface area < 1.5 µm2) after AA is many times higher than after
hot extrusion.

Figure 4. Light microscopic pictures with (1) acicular artefacts, (2) globular artefacts, (3) grain boundaries,
(4) and small artefacts: (a) after hot extrusion, and (b) after AA for 3 h at 230 ◦C. Reproduced from [16],
with permission of Kernebeck, 2017.
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Figure 5. Distribution of the surface area of artefacts. The number of particles refers to three different
light microscopic pictures, as seen in Figure 4 after hot extrusion and after artificial aging for 3 h at
230 ◦C. Particles are the sum up to intervals of 0.5 µm2: (a) entire surface area, and (b) surface area
between 2 and 5 µm2. Adapted from [16], with permission of Kernebeck, 2017.

The metallographic constituents were investigated using EDS analysis. In Figure 6, an overview
of the as-cast and over-aged states is visible. Figure 6a (as-cast state) shows a picture with netlike
precipitates. The irregularly distributed precipitates have a size up to 50 µm. The lighter areas around
the precipitates contain 0.3 wt % more Mg and Si than the matrix. EDS analysis was carried out at
different positions—for example, at the marked points in Figure 7. The results are shown in Table 3.
In the analyzed points, mainly Al, Fe, and Si are included. The Mg content of the artefacts was less
than 1 wt %. The Si content (3.44–7.3 wt %) and the Fe content (19.4–19.8 wt %) fluctuate in the
as-cast state. After AA for 10 h at 230 ◦C there are no more netlike precipitates (Figure 6b). In contrast
to the as-cast state, there are globular and acicular artefacts with a size up to 1 µm. The Si content
(5.3–6.8 wt %) and the Fe content (20.7–30.6 wt %) of the artefacts fluctuate in the over-aged state.

Figure 6. Pictures of SEM analysis (a) after casting, and (b) after casting and AA (230 ◦C for 10 h).
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Figure 7. Pictures of EDS analysis with marked points of analyzed positions (a) after casting, and (b) after
casting and AA (230 ◦C for 10 h). Adapted from [16], with permission of Kernebeck, 2017.

Table 3. Results of the EDS analysis with the main elements in wt %. Adapted from [16], with permission
of Kernebeck, 2017.

Position Al Mg Si Fe

Figure 7a, matrix 99.37 0.47 0.09 0.07
Figure 7a, 1 72.55 0.77 7.31 19.37
Figure 7b, 1 63.34 0.22 6.77 29.67
Figure 7b, 2 73.67 0.34 5.32 20.67

4. Discussion

During NA, the UTS increases continuously with time, reaching a plateau after about 10 days
(Figure 2). The formed co-clusters and coherent GP(I) zones are responsible for the increase in strength
during NA [6]. The reason for the lower level of the NIR-treated samples (Figure 2) is the reduction in
the number of clusters during NIR treatment [6]. If the holding time of NIR treatment were extended,
coherent and later incoherent precipitates will be formed, like Madanat noticed at 250 ◦C [10].

The mean variation of the UTS of the NIR-treated samples during NA (Figure 2) is higher than of
the other samples. There can be various reasons for this. On the one hand, the time of NA before NIR
treatment fluctuates between 4 h and 8 h. Consequently, the number of clusters and co-clusters differs
before NIR treatment [4,5]. To prove this, investigations by means of transmission electron microscopy
(TEM) are necessary. Furthermore, temperature fluctuations occur during NIR treatment (Figure 1).
The thermal conductivity of a naturally aged 6060 alloy amounts to 183 W/m ◦C–191 W/m ◦C [1].
Hence, the temperature distribution in the profile is not 100% homogeneous.

In nearly peak aged state, dispersed particles are present (Figure 4b). The results of analyzing
the light microscopic pictures are to be classified as a rough estimate. The reason for this is the
deviation of the analyzed holes from the particles. By etching, the particles were taken out of the
matrix. To analyze the particles instead of the holes, another etching is necessary. The particles should
stay in the matrix. Therefore an etching containing potassium permanganate, according to Weck [17],
is suitable. This etching does not affect precipitates and intermetallic phases [18].

In the as-cast state of Al–Fe–Si alloys, Al5FeSi is an angular primary crystal [19]. The geometry of
Al–Fe–Si phases could be influenced by homogenization at high temperatures from netlike to globular,
resulting in a globular appearance [20]. Therefore, after hot extrusion, an acicular geometry for Al5FeSi
is possible [16]. The resulting phases after casting, like Al5FeSi, are well-known and investigated by
several authors [21–23]. The process of precipitation and the hardening phases during NA and AA
have been investigated by Mondolfo [24] and other authors [25–29]. To analyze the different phases in
detail, using another etching and a TEM is irreplaceable for further investigations.
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5. Conclusions

The standard deviation of the UTS of the laboratory tests for common heat treatment is very low.
A delay in NA of about four days when using the short-term heat treatment was detected. Profiles of
different times of NA (1 d and 3 d) could be artificially aged simultaneously without a significant
variation in UTS. Therefore, the minimal duration of NA (3 d) could be decreased to one day. This result
can be used to shorten storage and production times and to be more flexible. Profiles with NA between
one and three days could be artificially aged at the same time without reaching a significant difference
in UTS. Without short-term heat treatment, this was not possible without being out of tolerance.
The influence of NIR treatment on other properties has not been investigated. After AA the profiles
get their final geometry by bending. Hence, for further investigations the fracture toughness and the
formability would be the most interesting mechanical properties. If the following production steps can
be performed without problems, short-term heat treatment can be included into production. Therefore,
the infrastructure after hot extrusion has to be adjusted.

In order to reduce the higher fluctuation of the mechanical properties, the following procedure
is recommended: The duration of NA between hot extrusion and NIR treatment should be as short
as possible and constant. Furthermore, it is recommended to realize a reproducible temperature and
duration of the NIR treatment.
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