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Abstract: The aim of this paper is the investigation of the effect of natural aging on the mechanical, physical and microstructural 

properties of an EN AW-6060 aluminum alloy. These properties were investigated during different aging treatments. Firstly, the effect of 

natural aging on properties was investigated, after which the influence of natural aging (room temperature pre-aging) on the artificial aging 

was studied. The results showed the beneficial effect of natural aging in both sets of experiment. During the natural aging, the hardness 

increased for around 20 % while electrical conductivity values were slightly higher than in the quenched sample. The hardness of the 

samples gradually increases up to 25 days of natural aging reaching a plateau state, after which the values of hardness remain the same. 

Also, room temperature pre-aging had a positive effect on subsequent artificial aging. Samples that were pre-aged for 40 days or more 

before artificial aging had around a 13 % increase in hardness values compared to the samples that were directly artificially aged. 

Electrical conductivity had increased by around 1 MS/m in pre-aged samples compared to only artificially aged samples. Optical 

microscopy investigations confirmed the existence of precipitated phases and their distribution in the microstructure. 
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1. Introduction 

Mechanical properties of metallic materials are often improved 

by various heat treatments. In order to strengthen aluminum alloys, 

age hardening process is used. This process includes solution heat 

treatment, quenching to room or below room temperature and 

aging, which can be either natural (performed at room temperature) 

or artificial (performed at higher temperatures) [1, 2]. The aging 

process is responsible for the formation of very fine and evenly 

dispersed particles that hinder the movement of dislocation thus 

strengthening the alloy through Orowan mechanism [2]. To attain 

deeper knowledge of the aging process it is very useful to know the 

precipitation sequence of investigated alloys. The precipitation 

sequence is usually found by DSC analysis with combination of 

some other characterization methods. The largely accepted 

precipitation sequence for Al-Mg-Si alloys which was found by 

other authors is given as: αssss → Mg:Si clusters→ G.P. zones→ 

β’’→ β’→ Si (if excess silicon is present)→ β [3-9]. Precipitates 

given in this sequence appear at different temperatures and affect 

the structure differently. Natural aging, as it is performed at room 

temperature, can only produce the clusters of dissolved elements. In 

the case of EN AW-6060 alloy the most important clusters are that 

of Mg and Si, as they are the ones that affect structure the most 

[10]. The effect of natural aging on the mechanical properties can 

be summarized as either a positive or a negative one. Low-alloyed 

alloys or often called lean alloys in this series of aluminum alloys 

often exhibit the positive effect. This means that natural aging leads 

to an increase in mechanical properties and also higher peak-aged 

hardness can be achieved after room temperature pre-aging [11-14]. 

The negative effect occurs in high solute alloys used in automotive 

and construction industries [1, 2, 15, 16]. The influence of natural 

aging is still studied, regardless of numerous studies. In this paper 

the lean alloy from 6xxx series was investigated (EN AW-6060). 

The aim was to better understand the influence of natural aging and 

room temperature storage (pre-aging) on hardness, electrical 

conductivity and microstructural changes. Also, the investigation of 

positive or negative effects on subsequent artificial aging was 

performed. 

2. Materials and design 

Experimental investigation was performed on EN AW-6060 

alloy. The alloy was delivered by “AlCu metali d.o.o.” company, in 

peak aged condition (T6 temper) in the form of extruded rectangular 

bars. The Table 1 represents the chemical composition of the 

investigated alloy determined by the optical emission spectrometer 

“Belec Compact Port”. Annealing at 550 °C for 6 hours in the 

electric resistance furnace Heraeus K-1150/2 removed peak aged 

condition and obtained the O-temper for all of the samples. After 

that, solution heat treatment was performed at the same temperature 

for 1 hour followed by quenching in water with ice in order to 

obtain a super saturated solid solution (αssss). After obtaining the 

super saturated solid solution, the samples were subjected to natural 

aging for a different time from 3 up to 70 days (referenced as NA 

samples). One sample was directly aged without any room 

temperature delay in order to achieve peak hardness state (presented 

on graph as directly aged AA samples). In order to investigate the 

influence of natural aging on artificial aging (AA), samples that 

were naturally aged for 3, 10, 40 and 70 days were chosen and 

artificially aged in the same manner as the directly aged sample 

(those samples are referenced as NA+AA samples). All the NA 

samples were compared to the quenched sample (quenched state on 

the presented graphs), while all the NA+AA samples were 

compared to only the artificially aged samples (AA samples). 

 
Table 1: Chemical composition of the investigated alloy (mass. %) 

Si Fe Cu Mn Mg Cr Ni Zn 

0.49 0.182 0.012 0.006 0.594 <0.003 0.028 0.01 

Ti Pb V Co Sn Zr Al  

0.005 <0.003 0.014 <0.003 <0.003 <0.003 98.62 

 

During the aging treatment, all samples were subjected to 

various characterization methods. Electrical conductivity was 

measured using the electrical conductivity tester Sigmatest 2.063”. 

Hardness was measured on the VEB Leipzig Vickers hardness 

tester using a 10 kg load and a 15 s dwelling time. The ASTM E384 

standard was followed during the hardness measurements [17]. 

3. Results and discussion 

Analysis of the graph presented in Fig. 1 shows that hardening 

was achieved through natural aging. All of the naturally aged 

samples had higher hardness values in comparison to quenched 

state. After only 3 days of natural aging hardness rapidly increases, 

and continues to increase until it reaches hardness saturation after 

which the curve shows the plateau state where hardness remain 

almost the same up to 70 days. Hardness has a maximum value after 

40 days of aging. This value is around 20% higher than the value 

for the quenched sample.  
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Fig. 1 Hardness variations of quenched samples during natural 

aging of EN AW-6060 

During solution heat treatment, Mg and Si atoms dissolved into 

the Al matrix and remained in the matrix after quenching. Hardness 

increment was possible due to the formation of magnesium and 

silicon clusters and co-clusters caused by precipitation during the 

natural aging process. This formation is causing the restriction of 

dislocation motion and increasing the hardness of the alloy [1, 2, 10, 

16]. The incline of the curve presented in Fig. 1 can be explained by 

the formation of Mg and Si clusters which occurs after several 

hours of natural aging discovered through 3D atom probe by L. Cao 

et al. [18].  

 

Fig. 2 Electrical conductivity variations of quenched samples 

during natural aging of EN AW-6060 

The influence of natural aging on the electrical conductivity of 

the investigated alloy is presented in Fig. 2. From Fig. 2 it can be 

concluded that all of the NA samples exhibit slightly higher values 

of electrical conductivity in comparison to the quenched samples. 

Electrical conductivity increase can be expected knowing that 

during natural aging clusters and co-clusters are formed. The 

quenched solute atoms are released from the super saturated matrix 

in the form of clusters and co-clusters. This formation is responsible 

for relaxing the matrix and promoting the free movement of 

electrons, thus increasing electrical conductivity. The increase in 

electrical conductivity is not very large due to the fact that this is a 

lean alloy so the amount of formed clusters cannot have much 

impact. Usually these clusters have a strong electron scattering 

effect that can lower the electrical conductivity, but in our case that 

was not detected [7, 19, 20]. 

 

Fig. 3 The influence of pre-aging on artificial aging on hardness 

and electrical conductivity of investigated alloy 

In Fig 3 the influence of natural aging (room temperature pre-

aging) on the artificial aging has been presented. From the 

presented graphs in Fig. 3 it can be seen that in both cases, hardness 

and electrical conductivity, pre-aging had a positive effect on 

subsequent artificial aging. In order to obtain the highest hardness 

values the samples need to be peak aged. For the highest values of 

hardness in peak aged samples the β’’ phase is responsible. Any 

stimulation of the precipitation of this phase results in higher 

hardness values. In the case of lean Al alloys, clusters and co-

clusters formed during the pre-aging help the nucleation of the β’’ 

phase in later precipitation during artificial aging [11, 14]. Samples 

that were pre-aged for 3 and 10 days had somewhat lower values of 

hardness in comparison to directly aged samples. In these samples, 

due to a short period of pre-aging, the nucleation of the β’’ phase 

was not as much affected. Samples pre-aged for 40 and 70 days had 

enough time to form enough clusters of Mg and Si to stimulate the 

nucleation, hence the hardness values are higher in comparison to 

the directly aged ones [2, 6, 10, 11, 14, 15]. In the matter of 

electrical conductivity, all of the values are higher in the pre-aged 

samples in comparison to the directly aged sample. This can be 

ascribed to larger precipitation due to pre-aging and stimulation 

through nucleation of the β’’ phase.  

The formation of clusters and the stimulation of precipitation 

through nucleation sites, caused the β’’ phase to appear in the 

microstructure as finely dispersed particles on the grain boundaries 

and in the grains, as shown in Fig 4a-b. 
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Fig. 4 Microstructure of the sample naturally aged for 40 days and 

then peak aged for maximum hardness value;  

a) magnification x200; b) magnification x500 

4. Conclusions 

The influence of natural aging on hardness, electrical 

conductivity and microstructure was investigated. Key conclusions 

can be outlined: 

 The hardness of the samples naturally aged is higher than 

those in the quenched state. Maximal hardness is achieved 

after 40 days of natural aging, after which the hardness goes 

into the plateau state and hardness remains the same until 70 

days of natural aging. 

 Naturally aged samples have slightly higher values of 

electrical conductivity in comparison to the quenched one. 

 Natural aging showed positive effect on artificial aging.The 

nucleation of the β’’ phase and the strengthening effect of 

β’’ phase was affected by the formation of magnesium and 

silicon clusters and co-clusters. The hardness of the pre-

aged samples was higher only in the ones pre-aged for 40 

and 70 days. Hardness was higher for around 13 % for the 

pre-aged sample in comparison to the directly aged one. 

Electrical conductivity was higher in all of the pre-aged 

samples when compared to the only artificially aged one. 

 In the samples that were naturally and subsequently 

artificially aged, β’’ phase appeared in the form of finely 

dispersed particles. 
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