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Abstract

The effects of heat treatment on the ageing response, hardness properties and the microstructure development of Al-6505 alloy have
been investigated. In order to study these effects, the alloy sample was solution treated at 550°C for 30 minutes and then quenched
into cold water at room temperature followed by artificially aged at elevated temperature of 100 oC, 185 oC and 300 oC. The ageing
response of Al-6505 alloy was monitored using Vickers hardness test. The distribution of the precipitates formed in Al-6505 alloy
was monitored by transmission electron microscopy (TEM). The results showed that time to reach peak hardness and peak hardness
values decreased as the ageing temperatures increased. It was found that increasing in hardness values of the alloy were due to
needle-shaped precipitates formation during ageing treatment. Prolonged ageing time to over-aged condition resulting in increased
the size but reduced the number of precipitates; as a result the hardness of Al-6505 alloy was reduced. The effects of heat treatment
on the ageing response, hardness properties and the microstructure development of Al-6505 alloy have been investigated. In order
to study these effects, the alloy sample was solution treated at 550°C for 30 minutes and then quenched into cold water at room
temperature followed by artificially aged at elevated temperature of 100 oC, 185 oC and 300 oC. The ageing response of Al-6505
alloy was monitored using Vickers hardness test. The distribution of the precipitates formed in Al-6505 alloy was monitored by
transmission electron microscopy (TEM). The results showed that time to reach peak hardness and peak hardness values decreased
as the ageing temperatures increased. It was found that increasing in hardness values of the alloy were due to needle-shaped
precipitates formation during ageing treatment. Prolonged ageing time to over-aged condition resulting in increased the size but
reduced the number of precipitates; as a result the hardness of Al-6505 alloy was reduced.
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1. Introduction

The 6000 series of Al-Mg-Si alloys has been used in many sectors and industries such as automotive, construction and defense
industries due to its high strength-to-weight ratio, good formability and resistance to corrosion (Zhenguo et al., 2021). The mechanical
properties of 6000 series containing Mg and Si are known to be improved by heat treatment process. This type of alloys can be
strengthened by the formation of precipitates (hardening phase) during heat treatment process which involved three main steps: solution
treatment, quenching and ageing. The solution treatment process consists of heating the alloys containing alloying elements between
450 oC and 550 oC and soaking them for a period of time to dissolve the alloying elements into a solid solution. Quenching is done
afterward purposely to retain the maximum amounts of alloying elements in solid solution. Meanwhile ageing or artificial ageing is the
final stage in development of properties in the 6000 series alloys. The high strength of alloys is obtained through precipitation hardening
at paint bake heat treatment.

Generally, the presence of Mg and Si contents in the alloy results in the formation of needle shaped precipitates (hardening phase). The
strength of the alloy derives from the ability of precipitates to stop dislocation motion (Emma and Salem, 2010). It can be noticed that
time and temperature is the main parameters in heat treatment process that needed to be considered to obtain the optimum mechanical
properties of the alloy. For 6000 series alloys, the range of temperature used for artificial ageing (T6) is between 160 oC and 190 oC
(Polmear, 2017). Normally fast ageing response appears when the alloys are artificially aged at higher temperature. The objectives of
this study are to investigate the effects of heat treatment process on the ageing response, hardness properties and microstructural
development by using Vickers hardness test and TEM analysis.

2. Methodology

The alloy used in this study is Al-6505 alloy from 6000 series alloy. The alloy was obtained in extruded form of 40 mm wide and 4
mm thick. The chemical composition of Al-6505 alloy is tabulated in Table 1.

Table 1. Chemical compositions of 6000 series alloys (wt.%)

Alloy Mg Si Mn Fe Cu Ti

6505 0.40 0.45 0.031 0.17 0.002 0.012

The AI-6505 alloy sample was solution treated in an electrical muffle furnace at 550 °C for 30 minutes followed by a quench into cold
water and then it was immediately artificially aged in a muffle furnace at different ageing temperatures of 100 °C, 185 °C and 300 °C
between 0.1 to 1000 hours. The ageing response for the alloy was monitored by means of Vickers hardness tester. For each sample,
five hardness readings were taken to ensure an accurate reading and the average value of hardness was determined. The hardness curve
was plotted using a logarithmic time axis. TEM was carried out on overaged alloy Al-6505 alloy which had been aged at 300 °C for
0.1, 1 and 100 hours after solution treatment. TEM analysis was performed on the Al-6505 alloy in order to examine the microstructural
development and precipitates distribution with different alloy conditions.

3. Results and Discussion

Effect of heat treatment on ageing response and hardness properties

The hardness curves for Al-6505 alloy after ageing at 100 °C, 185 °C and 300 °C is presented in Figure 1. From hardness measurement,
it is seen that the hardness increased slowly up to 1 hour and the peak hardness is reached eventually at different ageing temperatures.
However no peak hardness observed for the alloy that aged at 100 oC up to 1000 hours. The final hardness of the alloy decreases with
increasing ageing temperature and this is referred to over-aged condition. Table 2 shows time to reach peak hardness and peak hardness
value for Al-6505 alloys that artificially aged at different ageing temperatures. In increasing in hardness values during ageing treatment
has been related to the formation of hardening precipitates in the alloy. These precipitates interference the dislocation motion, thus the
hardness of alloy is increased (Polmear, 2017). It can be seen that the peak hardness are reached most rapidly (1 hour) at the higher
ageing temperature but the hardness values decrease as the ageing temperature is increased. This can be explained that the higher the
ageing temperature (up to 300 oC), the faster the rate of formation resulted the larger the precipitates formed at shorter ageing time
(Aiza et al., 2015)]. This situation leads to give lower peak hardness value (43.10 VHN) for the higher ageing temperature.
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Figure 1. Ageing curves of Al-6505 alloy at different ageing temperatures of 100 °C, 185 °C and 300 °C

Table 2. Time to reach peak hardness and peak hardness values of Al-6505 alloy that artificially aged at different ageing temperatures

(OC,;Agemg Temperature 100 °C 185°C 300°C
Time to reach ) 10 1

peak hardness (hours)

(VlzeNa)k hardness  value B 60.75 43.10

Microstructure analysis

Figure 2 shows TEM analysis of the Al-6505 alloy after artificially aged at 300 °C for 0.1, 1 and 100 hours, respectively. This alloy
conditions are referred to under-aged (0.1 hour), peak-aged (1 hour) and close to peak-aged (100 hours). Few if any precipitates were
observed in Al-6505 alloy at the short ageing time at 0.1 hour (under-aged). Prolong ageing time for 1 hour (peak aged) results in
increased the distribution of needle-shaped of precipitates associated with high density of dislocation loops in the alloy. This precipitate
is considered to be the most efficient strengthening in 6000 series alloys (Aiza et al., 2011; Mingjun et al., 2020). These precipitates
hindered the movement of dislocation, hence the alloy was strengthened. Further ageing to 100 hours led to increase the precipitates
size and length but decrease in precipitates density. At this stage it is more favourable for the dislocation to pass precipitates via Orowon
mechanism, leading to a decrease in hardness and strength of the alloy (Emma and Salem, 2010). The TEM analysis results are
consistent with the results of hardness test of temperature at 300°C.
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Figure 2: TEM bright-field images of overaged Al-6505 alloys at 300°C for (a) 0.1 hour, (b) 1 hour and 100 hours. Electron beam
is in the [100] matrix direction.

4. Conclusion

As conclusion, the most noticeable feature is that the time to reach peak hardness and peak hardness values decreased as the ageing
temperatures increased. The formation of hardening needle-shaped precipitates results in increased the hardness properties of the Al-
6505 alloy. Prolonged ageing time resulted in decreased in the number density of needle-shaped precipitates which led to a lower
hardness properties of the Al-6505 alloy.
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