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Abstract. The heat-treatable EN AW-6005 and EN AW-6060 alloys are by far the most used alloys
for manufacturing extruded parts for automotive, aerospace, food and healthcare industries. The
strength of these alloys is usually achieved by T6 heat treatment, whose efficacy depends on the
chemical composition and solubilization/aging times and temperatures. This study aims to evaluate
the influence of aging parameters on the microstructural and mechanical properties of two extruded
components made of the above-mentioned alloys and supplied by a healthcare company. Samples
were drawn by both parts in as-received condition. Part of them was directly artificially aged at
different aging times and temperatures, while the rest was subjected to tailored T6-type heat
treatments. The microstructure was first analyzed by optical and scanning electron microscopy. The
mechanical properties were then investigated by Brinell hardness and Vickers microhardness
measurements. At last, all hardness data were compared to those obtained on specimens drawn from
two other components made of the same alloys, which were heat-treated according to the
parameters commonly used by the company. Based on the results, the microstructure of both
components exhibited coarse grains plus lamellar and rounded intermetallic particles. Irrespective
of the heat treatment route, no changes were detected in the microstructure. For each alloy, the heat
treatment conditions that guarantee the best mechanical resistance were established.

Introduction

Aluminum has good extrudability, and the heat-treatable Al-Mg-Si aluminum alloys (6XXX series)
are nowadays the most used alloys for manufacturing extruded parts for automotive, aerospace,
food and healthcare industries [1]. Among the 6XXX series, alloys such as EN AW-6005 and EN
AW-6060 cover a great share of the total extruded volume thanks to a favorable combination of
properties such as high strength to weight ratio, excellent formability, good corrosion resistance and
outstanding response to surface finishing procedures [2-4]. The strength of these alloys is usually
achieved by precipitation hardening (or T6 heat treatment), i.e., a heat treatment that involves three
main stages: (i) a first solubilization step at a high temperature; (ii) a rapid quenching to room
temperature to generate a supersaturated solid solution (SSSS) of alloying elements; (iii) a final
artificial aging (AA) consisting of the controlled decomposition of the SSSS to create a dispersion
of sub-micrometric particles into the metal matrix [5]. During this process, the alloying elements
exert, to various degrees, solution and dispersion hardening effects, with Mg and Si being the major
solid-solution strengtheners [6]. In the literature, the generally accepted sequence for the formation
of nano-sized particles during precipitation hardening is as follows: SSSS — clusters/GP zones —
pre-B"/B" — B' — B, where “GP zones” stands for Guinier-Preston zones. The needle-like B” phase
is regarded as the most effective hardening phase for Al-Mg-Si aluminum alloys [7-11].
Nevertheless, it was also found that the addition of Cu to the alloys of 6XXX group modifies the
above-mentioned sequence as: SSSS — clusters/GP zones — B”, L, C, QP, QC — B, Q" — Q.
Hence, the precipitation of more metastable phases accompanying B” is claimed to strongly
influence the strength of EN AW-6005 and EN AW-6060 aluminum alloys [12].

In general, the efficacy of precipitation hardening in improving the performance of Al-Mg-Si
aluminum alloys depends on several factors such as the chemical composition of the alloy and
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solubilization/aging time and temperature [6,13-17]. G. Mroéwka-Nowotnik et al. [13] evaluated the
influence of different solubilization temperatures (from 510 °C to 580 °C) and cooling conditions
(quench in oil, water, air and slow furnace cooling) on the microstructure and mechanical properties
of commercial 6005 and 6082 wrought alloys. They found that the hardness of the 6082 alloy
increased with rising quench severity and, to a minor extent, solubilization temperature; conversely,
the hardness and aging kinetics of the 6005 alloy were not affected by the solubilization parameters.
In [14], an experimental investigation on artificial aging of 6061-T6 alloy was conducted by
varying the aging temperature between 175 °C and 420 °C, and the aging time from 30 min to 10
hours. The authors demonstrated that the optimum aging could be obtained at temperatures from
175 °C to 195 °C for times from 2 to 6 hours; especially, the maximum strength was referred to the
samples aged at 185 °C for 6 hours. Similar results were reported by Polat et al. in [6]. For the same
aluminum alloy, it was suggested that the best compromise between hardness, yield and tensile
strength, and elongation could be attained with artificial aging at 180 °C for times between 5 and 40
hours. Ding et al. [15] highlighted that the amount of sub-micrometric precipitates in the
microstructure of aged 6005A extrusions was maximum at 175 °C. In addition, aging times from 4
to 8 hours enabled to reach yield and tensile strength in longitudinal direction of more than 270 and
300 MPa, respectively. Different artificial aging at under-, peak- and over-aged temperatures were
performed by Siddiqui et al. [16] with the aim of evaluating their influence on the mechanical
properties of 6063 alloy. Based on the results, aging at 175 °C for times from 8 and 10 hours was
able to guarantee the greatest mechanical resistance, but the best fatigue fracture behavior was
registered for samples aged at 200 °C for 6 hours. In under- and peak-aged conditions (i.e., for
aging temperatures < 200 °C and times of at least 8 hours), the strengthening effect was a result of
two main mechanisms: (a) the impedance of dislocation motion and (b) the high mobility of
vacancies playing a pivotal role in the generation of GP zones. In over-aged conditions (i.e., for
aging temperatures > 200 °C and times longer than 8 hours), the coalescence of nano-sized particles
into large precipitates occurred with a consequent decrease in their capability to hinder the
movement of dislocations. This phenomenon led, in turn, to a worsening of the mechanical
properties of the alloy. Concerning the 6022 alloy, peak-aged conditions were achieved at aging
temperatures higher than 200 °C and for aging times less than 2 hours [17].

In industrial practice, extruded components are unavoidably subjected to short- or long-term storage
before artificial aging. During this time, natural pre-aging (NA) at room temperature would occur,
producing clusters or co-clusters of dissolved alloying elements (mostly Mg and Si) [18]. In the
literature, the effects of natural pre-aging on the hardening response of the material during the
subsequent artificial aging can be stated as either positive or negative ones in relation to the alloy
chemistry: when the total amount of Mg + Si <1 wt% NA 1is positive, the opposite when Mg + Si >
1 wt% [19,20]. In the first case, it was reported that the AA of natural pre-aged lean alloys slowly
dissolved the vacancy-free co-clusters favoring the hardness and strength increase at the aging
temperatures [18,21-23]. In the second case, some studies assigned the adverse influence of NA on
AA to the depletion of supersaturated solutes in metal matrix caused by the formation of durable
NA clusters, being unfavorable nucleation sites for precipitation of B” phase during artificial aging
[24,25]. Other research further demonstrated that the same clusters could annihilate or trap the
quenched-in vacancies, thus retarding the precipitation process by slowing down solution diffusion
[26]. Nevertheless, Martinsen et al. [27] assessed that in 6005 and 6060 alloys the negative NA
effect may be reversed upon long-term storage (higher than the typical industrial storage time of 4
hours), but also at very early stages of natural pre-aging (30 min and below).

In this framework, this study aims to evaluate the influence of aging parameters on the
microstructural and mechanical properties of two industrial components supplied by a healthcare
company and made of EN AW-6005 and EN AW-6060 aluminum alloys. A number of samples
were drawn by both parts in as-received condition. Part of the specimens was directly artificially
aged at different combinations of aging time and temperature, while the rest was subjected to
tailored T6-type heat treatments. The microstructure of as-received and heat-treated samples was
first investigated by optical microscopy and scanning electron microscopy equipped with energy
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dispersive spectroscopy. The mechanical properties were then determined by hardness
measurements. Finally, all hardness data were compared to those obtained on other two components
made of the same aluminum alloys, which were heat-treated according to the parameters commonly
used by the company.

Materials and Methods

Two extruded components (labeled as C1 and C2) made of EN AW-6005 and EN AW-6060
aluminum alloys, respectively, were provided by FERNO S.r.1., a commercial company operating in

the healthcare industry. Details of the nominal chemical composition of the alloys are reported in
Table 1.

Table 1 Nominal chemical composition [wt%] of the alloys employed in this study.

Si Mg Mn Cu Cr Zn Ti Fe Al

EN AW-6005 0.60-0.90 0.40-0.60 <0.10 <0.10 <0.10 <0.10 <0.10 <0.35 Balance

EN AW-6060 0.30-0.60 0.35-0.50 0.10 <0.10 <0.05 <0.15 <0.10 0.10-0.30 Balance

In as-received condition, both parts were in T4 state, i.e., solution heat treated and naturally aged at
room temperature until reaching a substantially stable condition. From each component, samples
were drawn in longitudinal direction (parallel to the metal surface) and cross-direction
(perpendicular to the metal surface) by a TR80 EVOLUTION (Remet, Bologna, Italy) cutting
machine. Three specimens per section were mounted in resin, polished and analyzed by a Leica
DMi8 A optical microscope (Leica, Wetzlar, Germany) under polarized light exposure. The
microstructural investigations were carried out after electrolytic etching in Barker’s reagent (4-5 ml
HBF4 (48 %), 200 ml distilled water) by applying a direct current of 15 V for 1 min through a
Polectrol (Struers, Copenaghen, Denmark) power supply. For each aluminum alloy, nine composite
micrographs were acquired in cross-section to calculate the average grain size. Each composite
micrograph consisted of nine images taken at a magnification of 500x, which guaranteed the
investigation of an area sufficiently representative of the entire sample. In this area, a minimum of
300 grains were processed following the intercept method described in the UNI EN ISO 643:2020
standard. An in-depth analysis of the microstructure was also conducted by a Zeiss EVO MA 15
(Zeiss, Oberkochen, Germany) scanning electron microscope equipped with an Oxford X-Max 50
(Oxford Instruments, Abingdon-on-Thames, UK) microprobe for energy-dispersive spectroscopy
(SEM/EDS). The SEM micrographs were recorded in secondary electron imaging (SEI-SEM) and
back-scattered electron (BSE-SEM) mode.

For C1 component, the mean Brinell hardness was evaluated in agreement with the UNI EN ISO
6506-1:2015 standard by a ERNST AT-130D (CISAM-ERNST S.r.I., Induno Olona, Italy) tester,
using a tungsten carbide ball 2.5 mm in diameter and a 62.5 kgr load for 15 s. Each hardness value
was an average of five measurements. No Brinell hardness measurements were collected for the C2
due to geometric constraints. A Future-Tech FM-110 (Future-Tech Corp., Kawasaki, Japan)
microindenter was also employed for determining the mean Vickers microhardness (HV0.1) of both
components under a 100 gr load for 15 s and according to the UNI EN ISO 6507-1:2018 standard.
The mean value was calculated as an average of ten indentations.

Table 2 Details of direct aging parameters employed in this study.

C1 (EN AW-6005) C2 (EN AW-6060)
170°C/4,6,8,10 h 170°C/4,6,8,10 h
180°C/4,6,8,10 h 180°C/4,6,8,10 h
185°C/4,6,8,10h 185°C/4,6,8,10,15,20 h

190°C/4,6,8,10h 190°C/4,6,8,10h
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Two different heat treatment routes were then adopted. Part of the samples was directly artificially
aged (DA) at different temperatures (between 170 °C and 190 °C) and for different aging times
(from 4 to 20 h) in a Lenton LTF 12 (Lenton Furnaces & Ovens, Hope, UK) tube furnace. The rest
of the specimens was subjected to tailored T6-type heat treatments consisting of: (i) a solubilization
step at 540 °C for 1 h in a REMET mod. E-79N (Remet, Italy) muffle furnace; (i1) water quenching
to room temperature; (iii) final artificial aging at 180 °C for 4, 6, 8 and 10 h in the same tube
furnace. It should be pointed out that before AA the quenched samples were stored at -20 °C to
avoid natural pre-aging. For the aluminum alloys under investigation, all heat treatment routes were
established in agreement with [6,13-17]. Details of direct aging parameters employed in this study
are summarized in Table 2, while a scheme of T6-type heat treatments is shown in Fig. 1.
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Fig. 1 Scheme of T6-type heat treatments.

After heat treatment, the microstructure and mechanical properties of all samples were evaluated by
the already described procedure. Finally, all hardness data were compared to those obtained on
specimens drawn from two other components made of the same aluminum alloys, which were heat-
treated according to the parameters commonly used by the company and subsequently characterized
by the above-mentioned instrumentations. These latter heat treatment parameters are confidential.

Results and Discussion

The representative optical micrographs in Fig. 2 depict the microstructure of Cl and C2
components observed in the longitudinal section and cross-section, respectively. Both micrographs
were collected on samples in as-received condition and after electrolytic etching in Barker’s
reagent.
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Fig. 2 Representative optical micrographs of the microstructure of C1 and C2 components observed
in (a) longitudinal section and (b) cross-section. Both images were collected on samples in as-
received condition and after electrolytic etching in Barker’s reagent.

In the T4 state, the microstructure of the two extruded parts consisted of coarse equiaxed grains
with a great number of intermetallic particles uniformly distributed in the metal matrix (Fig. 2a and
b). In cross-section, the calculated average grain size of C1 component (corresponding to EN AW-
6005 alloy) was 83 um, whereas that of the C2 (corresponding to EN AW-6060 alloy) was 87 um.
In the longitudinal section, grains and inclusions were arranged parallel to plastic deformation (Fig.
2a), thus generating a fibrous microstructure.

Based on the SEM/EDS observations, the intermetallic particles (light contrast areas in the BSE-
SEM micrograph of Fig. 3) displayed lamellar and rounded morphology. The semi-quantitative
EDS analysis of lamellar inclusions indicated the presence of aluminum, silicon, iron, manganese
and chromium (site 1 in Fig. 3b), with a (Fe + Mn + Cr)/Si ratio, expressed as atomic percentage
[at%], around 1.0. As a result, these particles could be ascribed to the B-Al(FeMnCr)Si phase [13].
Concerning rounded particles, the same elements were detected (site 2 in Fig. 3b), but with a
(Fe + Mn + Cr)/Si ratio of about 1.5; hence, these intermetallics could be determined as the a-
Al(FeMnCr)Si phase [28]. All EDS results are consistent with previously reported data for extruded
Al-Mg-Si alloys [29,30].

Irrespective of the heat treatment route, the microstructure and average grain size of heat-treated
samples were similar to those of as-received specimens. As already detailed in the Introduction
section, the main outcome of aging process is the strengthening of alloys due to the precipitation of
sub-micrometric particles in the metal matrix [5]. The density of these precipitates is strongly
affected by the heat treatment parameters, with the aging kinetic being controlled by the diffusion of
the solute atoms [31]. With reference to the aging sequence reported in the same section, the GP-I
zones with a size in the range of 1-3 nm are the earliest particles able to produce a distinct contrast
for identification by the more recent transmission electron microscopy techniques [32]. It should be
highlighted that the needle-like B” phase has been considered as the most developed GP-I zones
[21]. Accordingly, no microstructural changes could be recognized in heat-treated samples due to
the limited resolution of the microscopy instrumentations employed in this study.
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Element at% Element at%
MgK 0.51 MgK 0.62
AIK 88.39 ; AIK 85.07
SiK 421 SiK 7.34
CrK 0.22 CrK 0.16
MnK 0.73 Mn K 0.23
Fe K 5.56 FeK 6.25
CukK 0.38 CuK 0.33
Totals 100.00 Totals 100.00

25pm

Fig. 3 BSE-SEM micrograph of the microstructure of C1 component observed in cross-section and
semi-quantitative EDS results (expressed as atomic percentage [at%]) of lamellar and rounded
particles in the same microstructure (sites 1 and 2, respectively).

Concerning the mechanical properties of the two components in cross-section and in as-received
condition, the C1 showed a mean HB10 of 72 + 2 and a mean HVO0.1 of 72.8 £+ 2.5, whereas the C2
exhibited a mean Vickers microhardness of 42.9 + 2.0.

The mean values + standard deviations of Brinell hardness of C1 component measured in cross-
section and after the two different heat treatment routes are shown in Fig. 4. First of all, it should be
noted that the mean Brinell hardness of most samples subjected to T6-type heat treatments (Fig. 4b)
was higher than that of directly aged specimens (Fig. 4a). Since the extruded part was in T4 state
before heat treatments, this could suggest the occurrence of a negative natural pre-aging effect,
which was partially withdrawn by the subsequent precipitation hardening. Considering the nominal
chemical composition of EN AW-6005 alloy collected in Table 1, this is in agreement with the
literature data for natural pre-aged 6xxx alloys containing a total amount of Mg + Si > 1 wt%
[19,20]. After direct aging, the mean HB10 increased with increasing aging time and temperature
(Fig. 4a), with the highest mean values being obtained for aging temperatures between 180 °C and
190 °C and for aging times of 8-10 h (blue dotted lines in the same figure). When the same alloy
was solubilized at 540 °C for 1 h, water quenched to room temperature and artificial aged at 180 °C
for 10 h, the mean Brinell hardness was maximum and equal to 114 + 7 (Fig. 4b). A comparison
between the mean HB10 registered under these latter heat treatment conditions and the mean Brinell
hardness of the alloy heat-treated according to the company parameters (purple bar in Fig. 4b)
enable to estimate an increase in mechanical resistance of about 12 %.
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Fig. 4 Mean values + standard deviations of Brinell hardness of C1 component measured in cross-
section and after: (a) direct aging at the different combinations of aging time and temperature; (b)
T6-type heat treatments. The blue dotted lines in (a) enclose the direct aging conditions displaying
the highest mean Brinell hardness. In (b), the HB10 of samples directly aged at 180 °C for 4, 6, 8
and 10 h and that of the same component heat-treated by the company were also included. (HT =
heat treatment; HTC = heat treatment performed by the company)

Figure 5 depicts the mean values + standard deviations of Vickers microhardness of C2 component
measured in cross-section and after the two different heat treatment routes. As for the C1 extruded
part, the mean Vickers microhardness of several samples subjected to T6-type heat treatments (Fig.
5b) was slightly higher than that of directly aged specimens (Fig. 5a). Accordingly, it was supposed
that also the EN AW-6060 alloy experienced a negative natural pre-aging effect, albeit to a minor
extent. In this case, the results are partially in agreement with the literature data for natural pre-aged
6xxx alloys containing a total amount of Mg + Si < 1 wt% [19,20]. Concerning direct aging, once
the aging time is fixed, no specific trends of HV0.1 can be defined for the different aging
temperatures (Fig. 5a). Besides, the highest mean values of Vickers microhardness were obtained
with DA at 170 °C and 190 °C for 8 h, and at 170 °C for 10 h (blue dotted lines in the same figure).
Direct aging at 185 °C for 15 and 20 h led to mean HVO.1 of 77.5 £ 2.1 and 79.7 + 1.8,
respectively. These values are similar to the highest ones; nevertheless, the achieved mechanical
properties do not justify the adoption of such time and energy-consuming heat treatments. When the
EN AW-6060 alloy underwent a T6-type heat treatment comprising artificial aging at 180 °C for 10
h, the mean HV0.1 was maximum and equal to 83.0 = 1.5 (Fig. 5b). A comparison between the
mean Vickers microhardness measured under these latter heat treatment conditions and the mean
HVO.1 of the alloy heat-treated according to the company parameters (purple bar in Fig. 5b) enable
to assess, once again, an increase in the mechanical resistance of about 12 %.
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Fig. 5 Mean values + standard deviations of Vickers microhardness of C2 component measured in
cross-section and after: (a) direct aging at the different combinations of aging time and temperature;
(b) T6-type heat treatments. The blue dotted lines in (a) enclose the direct aging conditions
displaying the highest mean Vickers microhardness. In (b), the HVO.1 of samples directly aged at
180 °C for 4, 6, 8 and 10 h and that of the same component heat-treated by the company were also
included. (HT = heat treatment; HTC = heat treatment performed by the company)

Conclusions

This study investigates the effects of different aging times and temperatures on the microstructure
and mechanical properties of two extruded components for healthcare industry, which were made of
EN AW-6005 and EN AW-6060 aluminum alloys. Based on the results, the following conclusions
can be drawn:

o The microstructure of both components exhibited coarse equiaxed grains (with an average
grain size between 83 and 87 pum in cross-section) plus lamellar and rounded intermetallic particles,
which could be ascribed to the B-Al(FeMnCr)Si and a-Al(FeMnCr)Si phases.

J Irrespective of the heat treatment route, no changes were detected in the microstructure and
average grain size.

J For the EN AW-6005 alloy, the highest mean Brinell hardness was obtained after direct
aging between 180 °C and 190 °C for 8-10 h and after artificial aging at 180 °C for 10 h during T6-
type heat treatment.

J For the EN AW-6060 alloy, the highest mean Vickers microhardness was obtained after
direct aging at 170 °C and 190 °C for 8 h, and at 170 °C for 10 h. The mean HV0.1 was then
maximum after T6-type heat treatment comprising AA at 180 °C for 10 h.

J Finally, all the above-mentioned heat treatments favored an increase in the mechanical
resistance up to about 12 % with respect to that of the alloys heat-treated according to the company
parameters.
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