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1. Introduction 
Aluminium alloys are highly desirable for structural 

applications due to their high strength-to-weight ratio, ease 
of machining and extrusion, excellent corrosion resistance, 
thermal and electrical conductivity, and recyclability. It is 
estimated that 78% of all extracted aluminium remains in 
use today, and recycling aluminium requires only 5% of the 
energy used in its original extraction [1]. These properties 
have driven the increased use of aluminium in the automotive 
industry. The two most commonly used aluminium alloys, 
6005 and 6063, are alloyed with magnesium and silicon. As 
heat-treatable alloys, they can undergo post-extrusion heat 
treatments to increase strength via precipitation hardening. 
Alloy 6005 is a benchmark structural alloy known for its 
high strength, toughness, and ease of anodisation and 
machining. While 6063 alloy is not as tough or strong as 
6005, it offers superior surface appearance and formability 
[2]. Although 7xxx series alloys are another option for 
structural aluminium, their poor extrudability makes them 
cost-prohibitive for many applications [1].

Due to their excellent extrusion performance, good 
welding characteristics, high corrosion resistance, and 
moderate strength, the 6063 and 6005 aluminium alloys 

are widely used across industries such as machinery 
manufacturing, aerospace, aviation, and transportation, 
including in high-speed trains, subways, and urban railways 
[2, 3]. These alloys can be extruded to produce complex 
sectional shapes with thin walls and quenched via air or 
water mist cooling, making them one of the most commonly 
used materials for vehicle body construction [4-6]. However, 
6005 alloy exhibits high quench sensitivity, requiring ageing 
treatments post-extrusion to achieve stable microstructures 
and mechanical properties [7-9]. To quickly achieve high-
strength extrusions, artificial ageing is commonly employed 
in industrial production.

The appropriate ageing process and microstructure 
are key to achieving superior comprehensive mechanical 
properties in extruded 6063 and 6005 alloys. These alloys 
belong to the excess Si-strengthened Al-Mg-Si series. In 
the ternary Al-Mg-Si system, Mg2Si particles form via a 
ternary peritectic reaction. However, in the pseudo-binary 
Al-Mg2Si system, obtained from a vertical section of the 
Al-Mg-Si ternary system at a fixed Mg:Si atomic ratio of 
2:1 (equivalent to 1.73:1 when the same ratio is expressed 
as a quotient of weights [10], Mg2Si particles form as 
equilibrium reaction products from a eutectic reaction [11]:
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LE(13.9 wt%) → α-Al (1.85 wt%) + Mg2Si (TE = 595oC)     (1)

where the concentrations are expressed in weight percent 
of Mg2Si. Given that the Mg limits the solubility of Mg2Si 
in α-Al, while the Si has no effect on it, a weight ratio of 
Mg:Si≤1.73 is desirable when designing industrial alloys 
in order to ensure the maximum amount of this compound 
in solution [12]. Assuming that all the Mg is present in 
the Mg2Si form, the amount of Si needed to form Mg2Si 
precipitates for the compositional range of Mg in 6xxx 
alloys is given by [10]:

fixed Mg:Si atomic ratio of 2:1 (equivalent to 1.73:1 when the same ratio is expressed 

as a quotient of weights [10], Mg2Si particles form as equilibrium reaction products 

from a eutectic reaction [11]: 
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[Si]Mg2Si = [Mg]total x 𝐴𝐴𝑆𝑆𝑆𝑆
2𝑥𝑥𝑥𝑥𝑀𝑀𝑀𝑀

      (wt%)      (2) 

where, [Si]Mg2Si is the amount of Si expressed in wt% present in the Mg2Si compound; 

[Mg]total corresponds to Mg interval values for 6xxx alloys; and ASi and AMg are the 

atomic weights of Si and Mg, respectively. 

The Mg2Si concentration, [Mg2Si], can be calculated according to: 

[Mg2Si] = [Si]Mg2Si + [Mg]total      (wt%)       (3) 

As far as alloying is concerned, it appears that the amount of the so-called excess 

Si (Siex) is important as it affects the precipitation kinetics in Al-Mg-Si alloys. Siex 

leads to finer and denser precipitates by enhancing the nucleation kinetics of GP zones. 

It has been reported [13] that the excess Si in the alloy enhances the nucleation of the 

hexagonal β-Mg2Si on Si atom grids, which are composed of hexagonal sub cells with 

lattice parameters a=b=4.05 Å and c=4.05 Å. For a given Mg and Fe content, the amount 

of Siex depends on which intermetallic (α-AlFeSi or β-AlFeSi) is present [10]: 

[Si]xs = [Si]alloy – [Si]α-AlFeMnSi – [Si]Mg2Si       (4) 

[Si]α-AlFeMnSi = [Fe+Mn]alloy x 𝐴𝐴𝑆𝑆𝑆𝑆
3𝑥𝑥(𝐴𝐴𝑀𝑀𝑀𝑀+𝐴𝐴𝑀𝑀𝑀𝑀)

 = 0.0664 [Fe+Mn]alloy   (5) 

As a heat-treatable aluminium alloy, precipitation strengthening is the primary 

strengthening mechanism in these alloys [14]. The precipitation phases vary with 

different ageing temperatures and times. At low temperatures and short times, solute 
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As a heat-treatable aluminium alloy, precipitation 
strengthening is the primary strengthening mechanism in 
these alloys [14]. The precipitation phases vary with different 
ageing temperatures and times. At low temperatures and 
short times, solute atom clusters (GP zones) are difficult to 
form, resulting in low post-ageing strength (under-ageing). 
Conversely, at high temperatures and extended times, the 
critical nucleus size increases, leading to low strength after 
ageing (over-ageing). 

Prior to the ageing process, the alloy undergoes solution 
treatment at elevated temperatures to dissolve the second-
phase particles and maintain the elements in a single-phase 
(𝛼) region. This is followed by quenching, which prevents 
the precipitation of the second phase, trapping the alloying 
elements in the 𝛼 phase and producing a supersaturated solid 
solution (SSSS). During the ageing process, these alloying 
elements diffuse from the SSSS to form strengthening 
precipitates [15]. This nucleation is driven by the reduction 

in Gibbs free energy as the thermodynamically unstable 
SSSS transforms into a more stable two-phase state. For 
6xxx aluminium alloys, the artificial ageing temperature/
time range is typically between 165 and 205oC for 2 to 
16 hours, which is considered optimal for mechanical 
properties across a variety of applications [16]. 

While several types of precipitates can form during 
ageing, three main categories are typically considered, 
depending on the nature of the interface between the 
precipitates and the matrix. Coherent precipitates form 
when the atomic lattice of the precipitate aligns perfectly 
with the matrix lattice across the interface. Semi-coherent 
precipitates occur when the majority of the lattices match 
across the interface, though the mismatch is sufficient to 
accommodate dislocations. Lastly, incoherent precipitates 
do not align with the matrix at all [17].

Smaller precipitates with narrow inter-particle spacing 
generally provide optimal strengthening by creating strain 
fields that interact with dislocations, thereby hindering their 
motion. As precipitate size increases, the energy required 
for dislocation cutting also increases, leading to dislocation 
bowing around the precipitates. Additionally, as the inter-
particle spacing grows, dislocations can more easily bow 
around the precipitates, forming a dislocation loop that 
obstructs other dislocations and favours the dislocation-
cutting mechanism. To achieve optimal alloy strength, 
the aim is to determine the ageing time and temperature 
at which the cutting and bowing mechanisms result in 
equivalent strength. At this point, the alloy reaches its 
maximum strength [18].

Previous studies primarily focused on optimising 
composition, the extrusion process, quenching sensitivity, 
and welding in 6063 and 6005 alloys [6, 7, 19-23]. However, 
limited research has been conducted on the ageing process 
[22-29], particularly regarding short-term, single-stage 
ageing, which is advantageous in reducing production 
cycles and costs. To enhance the mechanical properties 
of extrusions while minimising energy consumption, the 
short-term ageing process can be optimised to achieve 
the best age-hardening effect in extruded 6063 and 6005 
alloys. In this study, the influences of ageing temperature 
and time on the microstructure and mechanical properties 
of extruded 6063 and 6005 alloys were investigated under 
various short-term, single-stage ageing conditions.

2. Materials and methods
The 6063 and 6005 aluminium alloys in the form of 

extruded profiles with a thickness of 18 mm and a width 
of 80 mm were supplied by VietY Aluminium Company 
Limited. The chemical compositions of the experimental 
alloys, compared with the standard 6063 and 6005 alloys, 
are presented in Table 1. 
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Table 1. Chemical composition of 6063 and 6005 aluminium 
alloys.

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al

6063 0.486 0.236 0.028 0.023 0.547 0.012 0.022 0.023 Remain

6005 0.853 0.235 0.036 0.024 0.675 0.014 0.027 0.023 Remain

The extruded profiles were produced following the 
online solid solution and quenching process. The extrusion 
coefficient ranged between 18 and 20, with an extrusion 
speed of 5 mm/s and an extrusion temperature of 510-
540oC. Online air cooling quenching was applied for the 
6063 alloys, while water cooling quenching was employed 
for the 6005 alloys during the extrusion process.

The ageing treatments for the 6063 and 6005 aluminium 
alloys are illustrated in Figs. 1 and 2. The 6063 alloys were 
aged at 190, 205, and 220oC for 90, 150, and 210 minutes, 
respectively. Meanwhile, the 6005 alloys were aged at 150, 
175, and 200oC for 4, 8, and 12 hours, respectively.

Fig. 1. Aging conditions of 6063 aluminium alloy.

Fig. 2. Aging conditions of 6005 aluminium alloy.

The extruded profiles were sectioned transversely 
for microstructure observation and longitudinally for 
mechanical properties testing. The final tensile strength 
values were averaged from three tests, conducted at a 
strain rate of 1/20 mm/s using a YMM-5 testing apparatus. 
The tensile specimens were prepared according to ASTM 
E557M standards [2].

Hardness was measured at room temperature using a 
Brinell hardness testing machine with a 62.5 N load. The 
final hardness value was the average of five tests performed 
at various points evenly distributed from the outermost 
point to the centre of the specimen.

The microstructure of the samples was examined using 
both optical and scanning electron microscopes (SEM) with 
an energy-dispersive X-ray spectroscopy (EDS) detector. The 
samples were initially polished with 1200-grit paper and then 
polished using an alumina-containing colloidal suspension. 
Following polishing, the samples were inspected under both 
pre- and post-etching conditions. The etching process was 
conducted using Keller’s solution (85 ml H2O, 10 ml HNO3, 
and 5 ml HF) for 30 seconds. The samples were then rinsed 
with deionised water and alcohol, dried, and examined under 
optical and scanning electron microscopes.

3. Results and discussion
Figure 3 presents optical microscopy images of the 

6063 and 6005 aluminium alloys. Specifically, the former 
was aged at 205oC for 150 minutes, while the latter was 
aged at 175°C for 8 hours. The particle sizes in both alloys 
were inhomogeneous, with the largest particles measuring 
approximately 100 µm. Overall, altering the ageing 
temperature and time for either aluminium alloy did not 
significantly affect grain size. 

Fig. 3. (A, B) Optical microscope images of 6063 aluminium 
alloy aged at 205oC and held for 150 minutes, before and after 
etching, respectively; (C, D) 6005 aluminium alloy aged at 175oC 
and held for 8 hours, before and after etching, respectively.
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During the high-temperature ageing process, precipitates 
developed at an accelerated rate. Through SEM and EDS 
analyses (Figs. 4 and 5) of the 6063 alloy, it was observed 
that precipitates formed spherical structures containing Cr 
and Fe at lower ageing temperatures, as shown in the EDS 
analysis in Fig. 4. These precipitates were identified as 
AlFeSi and AlCrSi particles, with a size of approximately 1 
µm. However, increasing the ageing temperature altered the 
precipitate form, with AlFeSi particles observed as rod-like 
structures, and some spherical precipitates containing Ni, 
Cr, and Mn, as shown in Fig. 5.

SEM images and EDS analysis of the 6005 aluminium 
alloy, which was aged at 175 and 200oC, are presented in 
Figs. 6 and 7. The results show that, when aged at lower 
temperatures, precipitates formed in relatively small sizes, 
with Mg2Si particles as spherical structures or AlFeSi as 
bar-like forms (Fig. 6). As the ageing temperature increased, 
the precipitate size increased slightly, while their shape 
remained unchanged (Fig. 7). The spherical precipitates 
contained Mn, Mg, or Cr, and their sizes ranged from 0.5 
to 1 µm. AlFeSi particles were also observed as rod-like 
structures, similar to those in the 6063 aluminium alloy.

Fig. 4. SEM image of 6063 aluminium alloy aged at 190oC and held for 150 minutes, before etching (A) low magnification, 
(B) high magnification and EDS analysis for each spectrum.

Fig. 5. SEM image of 6063 aluminium alloy aged at 205oC and held for 150 minutes, before etching (A) low magnification, 
(B) high magnification and EDS analysis for each spectrum.

(B)(A)

(B)(A)
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The precipitates described above had a 
direct influence on the mechanical properties 
of the 6063 and 6005 aluminium alloys. 
Their formation during the ageing process 
enhanced the strength of the alloys due to the 
interaction between dislocation motion and 
the precipitates.

Peak ageing is one of the ageing treatment 
methods extensively used in current industrial 
applications. It produces the highest density of 
precipitates in the matrix, thereby maximising 
the strength of the alloys. The kinetics of 
ageing is controlled by the diffusion of 
solute atoms, which is strongly dependent on 
the temperature and duration of the ageing 
process. Precipitates clearly play a crucial 
role in determining the mechanical properties 
of the 6005 and 6063 aluminium alloys. The 
strengthening effect is closely related to the 
type, interface, morphology, density, and size 
of the precipitates. Coarse particles larger than 
3 µm are typically formed during the extrusion 
process, comprising Fe-containing inclusions 
such as AlFeSi and Al(Fe,Cr)Si [8, 30]. As 

Fig. 6. SEM images and EDS analysis of 6005 aluminium alloy aged at 175oC and held for 8 hours, (A, B) before etching 
and (C, D) after etching.

Fig. 7. SEM images of 6005 aluminium alloy aged at 200oC and held for 8 
hours (A, B) before etching and (C, D) after etching.

(B)

(B)

(D)

(D)

(A)

(A)

(C)

(C)
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shown in Figs. 2 to 7, increasing the time and temperature 
during ageing caused slight changes in the size and 
morphology of the coarse particles due to thermal diffusion 
at the phase interface. Submicron precipitates are expected 
to form during the ageing process [31]. Under short-term, 
single-stage ageing, the quantity and size of the submicron 
precipitates depended on the temperature and duration of 
the process.

Figures 8 and 9 illustrate the influence of temperature 
and holding time during the ageing process on the hardness 
of the 6063 and 6005 aluminium alloys. For the 6063 alloy (Fig. 
8), hardness gradually increased with extended ageing time. 
After 2.5 hours of ageing, the hardness remained unchanged 
regardless of the temperature. In contrast, the hardness of the 
6005 alloy decreased as the ageing time increased, with a more 
pronounced decline at lower temperatures compared to higher 
temperatures (Fig. 9). The hardness values obtained for the 
6005 and 6063 alloys through this ageing process aligned with 
commercial standards. 

Fig. 8.  The dependence of 6063 aluminium alloy hardness 
on temperature and hold time of ageing.

Fig. 9.  The dependence of 6005 aluminium alloy hardness 
on temperature and hold time of ageing.

The rapid age-hardening response observed after 1.5 
hours of ageing at 190oC for the 6063 alloy (Fig. 8) and 4 
hours at 175oC for the 6005 alloy (Fig. 9) reflects the initial 
fast formation of GP zones and Mg-Si co-clusters, which 
were trapped during water-mist cooling. This precedes the 
formation of needle-shaped 𝛽′′-strengthening precipitates, 
which are partially or fully coherent with the matrix, 
significantly improving the mechanical properties as seen 
in the ageing curves. The participation of Mg and Si solute 
atoms in these precipitation events reduces the availability 
of solute atoms for further precipitation, leading to a 
reduction in strengthening over time. Additionally, the slow 
increase in hardness between 2.5 to 3.5 hours for the 6063 
alloy and 8 to 12 hours for the 6005 alloy could be attributed 
to the formation of incoherent and larger, less effective rod-
shaped 𝛽′ and 𝛽 precipitates. The lower hardness values 
observed after ageing, as shown in Figs. 8 and 9, could be 
attributed to supersaturation or low vacancy concentrations 
during the extrusion process, which may have impeded the 
formation of significant strengthening phases during ageing 
[32-35].

Figures 10 and 11 show the tensile strength of the 
6063 and 6005 aluminium alloys as a function of ageing 
parameters. As ageing time increased, tensile strengths of 
both alloys increased at the lowest temperature (190oC) 
but decreased at higher temperatures. Notably, the tensile 
strength of the 6063 alloy aged at 205oC reached a peak of 
248.02 MPa at 2.5 hours before declining. In the case of 
the 6005 alloy, despite initial differences, tensile strengths 
converged at values above 250 MPa after 12 hours of ageing, 
irrespective of temperature (Fig. 11). The highest tensile 
strength for the 6005 alloy, 268.53 MPa, was achieved by 
ageing at 175oC for 4 hours.

Fig. 10.  The tensile strength of the 6063 aluminium alloy as 
a function of ageing temperature and holding time.
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Fig. 11. Tensile strength of the 6005 aluminium alloy as a 
function of ageing temperature and holding time.

Fig. 12.  Elongation of the 6063 aluminium alloy as a 
function of ageing time and temperature. 

Fig. 13.  Elongation of the 6005 aluminium alloy as a 
function of ageing time and temperature.

Figures 12 and 13 show the influence of time and 
temperature on the elongation of the 6063 and 6005 alloys. 
Both alloys exhibited increased elongation with longer 
ageing times and higher temperatures. The 6063 alloy 
achieved its maximum elongation of 12% after 3.5 hours 
of ageing at 220oC. Similarly, the 6005 alloy attained the 
highest elongation (12%) after 8 hours at any of the tested 
ageing temperatures, with a slight reduction after 12 hours 
of ageing.

The results above indicate that the mechanical properties 
of the aluminium alloys are closely linked to their 
microstructure. Increasing the temperature and ageing time 
led to grain growth, promoted the formation of precipitates, 
and had a significant effect on the material’s mechanical 
properties. The small size of the ageing precipitates allowed 
dislocations to easily cut through them, which facilitated 
dislocation movement along the channel and reduced the 
ductility of the alloy [7]. The evolution of coarse Al(Fe,Cr)
Si precipitates from granular to rod-like particles is likely 
to cause stress concentrations, particularly when AlFeSi 
particles form at grain boundaries during high-temperature 
ageing. These particles can further reduce the strength of the 
extruded alloys [36].

4. Conclusions
This study investigated the effects of temperature 

and ageing time on the microstructure and mechanical 
properties of extruded 6063 and 6005 alloys. Precipitates 
formed rapidly during the high-temperature ageing process 
in both alloys. These precipitates included rod-like AlFeSi 
particles, while spherical precipitates consisted of fine 
Mg2Si particles and Cr-, Ni-, and Mn-containing particles, 
with sizes ranging from 0.5 to 1 µm. The presence of 
these precipitates in the matrix significantly enhanced the 
mechanical properties of the extruded 6063 and 6005 alloys.

The mechanical properties of the extruded 6063 alloy 
at room temperature were highly sensitive to the ageing 
temperature and duration. Optimal and stable mechanical 
properties were achieved with an ageing process of 190oC 
for 2.5 hours for the 6063 alloy, and 175oC for 8 hours for the 
6005 alloy. The hardness, tensile strength, and elongation 
values of the 6063 alloy aged at 190oC for 2.5 hours were 
87.5 HV, 247.6 MPa, and 9%, respectively. Meanwhile, the 
6005 alloy aged at 175oC for 8 hours achieved a hardness of 
93.2 HV, a tensile strength of 257.8 MPa, and an elongation 
of 11.6%.
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