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ABSTRACT 
 

In this investigation the effect of aging time and temperatures on the mechanical properties of 6061 
Aluminum alloy has been studied.  After 4 h solution treatment at 530°C followed by water quenching, the 6061 
Aluminum specimens were aged at 145, 165, 185, 205, and 225°C for various periods of time up to 6hrs. The 
precipitation stages during aging were investigated by hardness measurements, in addition to microstructural 
analysis. Different aging temperatures reveals remarkable difference in hardness and microscopic observation. 
Charpy impact and hardness tests were carried out for all the treated specimens. An interesting relation between 
the hardness and absorbed energy was revealed in this study.  
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Introduction 
 

For over fifty years, aluminum ranks at second to iron and steel in the metal market. The demand of 
aluminum grows rapidly because it is attributed to unique combination of properties which makes it become one 
of the most versatile of engineering and construction materials (Mrowka et al., 2010; Chee Fai et al.,2000). 
Aluminum is light in weight, compared with copper and steel. Some of its alloys even has greater strengths than 
structure steel (Troeger et al., 2000; Lee, et al.,2002; Davis,1993). Besides it has good electrical and thermal 
conductivity and high reflectivity to both heat and light. In this study, the hardness of 6061 Al alloy was 
conducted by using precipitation hardening process. Precipitation hardening is a process that enhances the 
strength and hardness of metal alloy by the formation of extremely small uniformly dispersed particles of 
second phase within the original phase matrix (Hatch,1984; Troeger et al.,2000; Burger et al.,1995). The 6xxx 
group contains magnesium and silicon as major addition elements. These multiphase alloys belong to the group 
of commercial aluminum alloys, in which relative volume, chemical composition and morphology of structure 
constituents exert significant influence on their useful properties (Fahrettin Ozturk et al.,2010; Murtha, 1995). 
The 6061Al alloy has been studied extensively because of their technological importance and farther increase in 
strength obtained by precipitation hardening. The 6061Al alloy has mostly used as extruded products, as well as 
for construction and automotive industries (Mohammad, 2011; Fatih 2012). The ease with which this alloy can 
be shaped, its good density, good corrosion and surface properties and good weldability are factors that together 
with a low price make this alloy commercially very attractive (Evren et al.,2011; Mapellia et al.,2011). During 
aging treatment of this alloy, the precipitation of metastable precursors of the equilibrium β (Mg2Si) phase 
occurs in one or more sequences which are quite complex. Generally the precipitation sequence for 6xxxAl 
alloy which is generally accepted in the literature (Mrowka, 2010; Chee Fai Tan et al.,2000). is: SSSS (α) - GP-
zones -β''- β ' - β (stable). Where SSSS(α) represents supersaturated solid solution, GP-zones are Guinier Preston 
zones. Some authors consider GP zone as GP1 zone while the β'' is called GP2 zone. The most effective 
hardening precipitate for this type of materials is β'', β' is metastable hardening precipitate, while β is stable 
phase (Christy et al.,2010).                                                                                   

Early experimental studies of precipitate hardening were interpreted in different ways. Some studies 
reported that GP-zones observed only at low temperature, and assumed that β' phase is formed directly from the 
solid solution at temperatures above 100-120˚C. On the other hand, some other studies proposed that GP-zones 
serve as nuclei for β'' in a two stage aging process, whereas other researchers suggested that β'' is formed from 
stable clusters (Christy, et al.,2010).                                                                                    
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Materials and Methods 
 
The investigation has been carried out on 6061 commercial aluminum alloy with chemical composition 

illustrated in (Table 1). In order to preserve the super-saturated solid solution at room temperature, all the 
6061Al alloy specimens were solution heat treated at 530°C for 4 hours followed by quenching in water. 
Subsequently the specimens were subjected to artificial aging, at temperatures of 145°C, 165°C, 185°C, 205°C 
and 225°C for a controlled period of time up to 360 min. The evolution of microstructure was monitored by 
hardness measurements using a Vickers micro-hardness tester.  

 
Table 1: Chemical composition of the 6061Al alloy used, %wt. 

Si Mg Cu Fe Cr Mn Ti Zn Zr Al 

0.75 0.9 0.5 0.5 0.15 .... .... .... .... Rest 

 
Metallographic investigations were performed on the heat treated samples. The microstructure of the alloy 

was observed using optical microscope Nikon 300 on polished sections etched with Keller solution containing 
0.5% HF in 50ml H2O.  The microscopic observation was carried out for the as received and heat treated 
specimens at a magnifications of 200X .Toughness of the used 6061Al alloy was measured for the as received 
and heat treated specimens using Charpy impact machine MODEL JBW-300.  

 
Results and Discussion 

 
The micro-hardness results for 6061Al alloy are shown in (Fig.1). Generally the hardness increases by the 

effect of ageing treatment compared with as received alloy. The hardness slightly increases with aging time at 
temperatures of 145, 165 and 185oC. However, with further aging the hardness decreases after reaching to 
maximum. This may be due to the formation of different precipitates or over aging of the alloy (Mrowka, 2010, 
Chee Fai et al.,2000). Some precipitates responsible for the hardening of the alloy, while other precipitates 
responsible for the decrease of the hardness. Sometimes, this hardness decrease after longer aging time of at 
higher temperatures due to over aging as reported by many anthers (Mrowka, 2010, Troeger et al., 2000). It is 
noticed that the maximum hardening of 135Hv obtained at 205°C and  225°C after about 90 and 120 min aging 
time respectively. 

 

 
Fig. 1: Effect of both aging temperature and aging time on the micro-hardness of the 6061Al alloy used 
 
Microstructure analysis: 

 
The precipitation sequences depends on the degree of super-saturation and the ageing temperature. In case 

of 6061 Al alloy, the transition exists from super-saturated solution, namely; GP zone - β'' - β' - β stable phase.  
The complete sequences can only occur when the alloy is aged at temperature below the GP zone solves 
(Mrowka, 2010; Chee Fai et al.,2000). The mechanism of the transformation sequence usually involves 
heterogeneous nucleation at the sites of earlier products, resulting in fine and uniform precipitate dispersions. 
The age hardening is very often investigated by hardness measurements that monitor the precipitation sequence 
(Mrowka, 2010; Chee Fai et al.,2000). Figures 2,3,4,5 and 6 show the microstructures at selected point from 
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hardness curves of 6061 alloy as a function of aging time at 145, 165, 185, 205 and 225oC respectively. Figure 2 
shows slightly increase from 88 to 113Hv within the first 240 min of aging at a temperature of 145oC. The 
hardness decreases to 98 after 360 min aging as shown in micro-hardness curve. The microstructure reveals 
small amount of β' precipitates at different aging times as shown in Fig. 2(b), (c), and (d). Thus, β'' phase 
(responsible phase for hardening 6061 Al alloy) is not precipitated enough at this low temperature to reveal high 
hardening (Mrowka, 2010; Chee Fai et al.,2000). It is noticed from Fig. 3 that the hardness slowly increases to 
115Hv within the first 240 min of aging at 165°C. 

 

 

         

  
Fig. 2: Micro-hardness and microstructure analysis of selected aging times at 145°C, (a) after 20 min, (b) 40  
            min, (c) 120 min and (d) 240 min aging. X200 

 
The microstructure reveals some amount of β'' precipitates at the grain boundary after 240 min of aging. 

However, further aging to 360 min revels hardness value of 104Hv, which higher than that after aging at 145°C 
for the same time (98Hv), see Figs.2 and 3. Some amount of β'' precipitates still found at the grain boundary as 
shown in Fig. 3(d). This result in a good agreement with the previous studies (Mrowka, 2010; Chee Fai et 
al.,2000; Lee et al., 2002). 
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Fig. 3: Micro-hardness and microstructure analysis of selected aging times at 165°C, (a) after 40 min, (b) 120  
            min, (c) 240 min and (d) 360 min aging. X200  

 
Figure 4 shows that, the hardness remarkably increases from 90 to 120Hv within the first 240 min of aging 

time at 185°C. After 240 min aging at this temperature the microstructure reveals β'' precipitates at the grain 
boundary and within the grains as shown in Fig. 4(b). Further aging increases the hardness slightly to 124Hv, 
which indicates that more precipitations may be occurred. By aging at temperature of 205oC, the hardness 
sharply increases to 133Hv after 60 min aging. Hardness still increases up to its maximum of 137Hv after 90 
min aging as shown in Fig. 5. The microstructure reveals high amount of β'' precipitates as continues network at 
the grain boundary and within the grains at 60 min aging time. This could explain the high hardness recorded at 
this aging time as shown in Fig. 5(b).  
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Fig. 4: Micro-hardness and microstructure analysis of selected aging times at 185°C, (a) after 60 min and (b) 
240 min aging. X200 

 
The contribution to hardness depends on the coherency of the precipitate with the matrix, size and 

distribution of the precipitates and the proximity of the particles (Chee Fai Tan, et al.,2000; Lee et al.,2002). It 
has been shown that after 120 min aging the continuous network of precipitations disappeared, this could be the 
reason of hardness decrease. Large size precipitates around the grain boundaries accompanied with fine 
precipitates within the grain occurred, leading to hardness decrease as shown in Fig.5(c). After longer aging to 
360 min, the equilibrium phase β, which is no longer coherent with the matrix is formed. Therefore, the 
hardness decreases to 85Hv as shown in Fig. 5. This means that the precipitation shown in Fig. 5(d) mostly is a 
β stable phase (Mrowka, 2010; Chee Fai Tan, et al.,2000).  
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Fig. 5: Micro-hardness and microstructure analysis of selected aging times at 205°C, (a) after 40 min, (b) 60  
            min, (c) 120 min and (d) 360 min aging.  X200  

 
Remarkable increase of hardness to 137Hv within the first 120 min aging at 225oC, the hardness dropped to 

93Hv after 360 min aging as shown in Fig. 6. The microstructure reveals a uniform distributed fine precipitates 
after 120 min aging time as shown in Fig. 6(b). For further aging to 360 min, some coherent unstable phase β', 
transform to stable phase β, which is no longer coherent with the matrix, causes a decreased in the hardness as 
shown in Fig. 6(c).   
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Fig. 6: Micro-hardness and microstructure analysis of selected aging times at 225°C, (a) after 40 min, (b) 120  
            min and (c) 360 min aging.  X200 
 
Impact Test: 

 
The impact test was carried out for 6061Al alloy using Charpy impact test machine. Figure 7 revels that, the 

absorbed energy is gradually increases with aging time for all aging temperatures, followed by dropping in 
absorbed energy. The impact toughness is strongly dependent on microstructural variables, and affected by a 
number of factors, such as yield strength, ductility, temperature, and fracture mechanism. The specimen with the 
highest hardness has the lowest impact toughness for each treating temperature. All aging temperatures shows 
lower values of absorbed energy compared with as-received specimens. As seen in Fig. 7 the age treated 
specimens at temperatures of 205 and 225oC,  have the minimum absorbed energy of 6 J afte 120 min aging. 
This result in a good agreement with the hardness changes after the same aging conditions.  
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Fig. 7: Effect of both aging temperature and aging time on absorbed energy of 6061 Al Alloy. 
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Conclusions: 
 
The heat treatment of 6061Al alloy shows a great effect on the micro-hardness and impact strength and 

micro-structure as well. The micro-structure shows different precipitates at different aging times and 
temperatures. These precipitates are responsible for the hardness and microstructural changes. The conclusions 
of this work can be summarized as follows: 

1. Increasing the aging temperature, accelerates the precipitation stages and reaching the maximum 
hardening in a shorter time.  

2. The maximum hardening of 137Hv obtained after aging at temperatures of 205 and 225°C at 90 min and 
120 min aging respectively.    

3. The absorbed energy from impact test gradually increased with aging at temperatures of 145°C, 165°C, 
185°C then decreased. At higher aging temperature 205°C and 225°C, the absorbed energy increases but sharply 
decreased after 60 min aging.  

4. The absorbed energy of the treated samples is less than that of as received sample.   
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