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ABSTRACT  

 

In this paper, the hardness property during natural age hardening phenomenon for aluminum 

based alloy has been studied. Different factors play role in aging hardening of aluminum. In this 

study, the chosen factors were percentages of copper and nickel in aluminum alloys.  The 

specimens were manufactured using casting process, and then heat treatment was carried out for 

all produced samples together at 550 °C for 3 h before quenching in water. Finally, the 

specimens were left at room temperature for 936 hours (39days) to allow solute atoms to defuse 

and form coherent phases to allow the age hardening to take place. The results show that the 

hardness increased with time in the first 300 hour after the quenching time, and then it remained 

constant for the rest of the 936 hours. Furthermore, the hardness did not drop until the end of 

936 hours which means the over-aging status was not achieved. To get full analysis of the 
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natural aging, design of experiment technique was used to study the effect of %Cu, %Ni and 

aging time 
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1. INTRODUCTION 

 

Age hardening (also known as precipitation hardening) is a process by which steel and aluminum 

based alloys are heated and solution treated. The aim of this process is to improve the strength 

and hardness of these alloys [1]. Age hardening treatment procedure consists of three major 

steps: solution treatment, rapid cooling (quenching), and aging. Solution treatment involves 

keeping the alloy on temperature higher than solvus temperature but less than liquidus 

temperature for a period of time to get homogeneous one phase of the solid solution, where the 

solute atoms are dissolved completely in the solution. Rapid cooling or quenching of the solid 

solution is carried out in a medium like water, oil or even air. During this step, the solute atoms 

are not allowed to move and form α-phase, so they stay dissolved in a supersaturated phase. 

Finally, during the aging stage, the alloy hardness starts to increase when the solute atoms start to 

diffuse as clusters that distort and strengthen the material.  

 

The age hardening process differs widely in composition and in the microstructures formed. Age 

hardening is often used in aluminum based alloys to improve the physical properties, such as 

strength and hardness [1]. The changing in alloy physical properties is due to formation of fine-

dispersed second phase particles in the lattice. These particles strain the lattice internally and 

restrict the dislocation movement. Then the alloy has to be kept at room temperature or reheated 

to a temperature below the solvus line and held on that temperature for enough time to ensure 

full transformation. This temperature is known as the age hardening temperature. The purpose of 

reheating the alloy is to increase the diffusion rate of the solute atoms by increasing the internal 

energy of the atoms and then reducing the time needed to age the alloy. 
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Heat-treated aluminum based alloys are widely used for high performance light weight parts, 

such as aircraft and space shuttle parts. There are several groups of aluminum based alloys that 

can be aged,the 2xxx alloys group is one of the heat treatable aluminum based alloys in which 

the princaple alloying element is copper [2]. Magnesium and/or small amounts of other elements 

could also be added to enhance the strength. In this alloy, Al2CuMg is the main hardening 

precipitate [2]. A normal use of the 2xxx alloys, such as alloy 2024, is for aircraft structures. The 

6xxx group of alloys contains magnesium and silicon as primary alloying elements [2]. Mg2Si is 

the hardening precipitate for these alloy [2]. Alloy 6061 is one of the common examples about 

this group; this alloy is very popular in the structural and construction application. The princapal 

alloying elements for the 7xxx group are zinc, magnesium and copper. The intermetallic 

compound, that serves as a hardening precipitate is MgZn2 [2-4]. Since Zinc and magnesium are 

very soluble, a high density precipitates could be achieved and then produce extremely stronger 

and harder alloys. These alloys such as alloy 7075 are generally used for aircraft structures [2-4]. 

Silicon improves the fluidity of the molten metal while copper and magnesium increase strength 

[2]. 

 

However, the copper is primary alloying element in 2xxx alloys which mainly increases the 

hardness [4-5].Furthermore, addition of copper in association with nickel improves the strength 

and hardness stability at high temperature [6].The tensile strength of aluminum alloys varies 

from one alloy to the other, for example, 2024 has a tensile strength of about 64 ksi, while 6061 

has a tensile strength of about 42 ksi, however, 7075 has higher tensile strength that reaches 73 

ksi [2]. When the alloy is selected in the design stage, the mechanical parameters, such as alloy 

strength, castability, machinability, as well as prices of materials are important factors to be 

considered.  

 

Solution treatment plus aging for the 2618 aluminum alloy (Si: 0.10-0.25, Fe: 0.9-1.3, Cu: 1.9-

2.7, Mg: 1.3-1.8, Ni: 0.9-1.2, Zn: 0.10) wt%, produces a machineable material to a fine detail [7]. 

When using magnesium and copper as primary alloying elements for aluminum based alloys, age 

hardening is associated with the precipitation of Guinnier-Preston (Cu, Mg) zones and the semi-

coherent S phase, which is closely related to the equilibrium S-phase (Al2CuMg) [7]. 
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The age hardening processes in Cu–Mg alloys which falls within the (α+S) region in the ternary 

phase diagram have been subjected to numerous investigations due to their fundamental concept 

and commercial interest since the development of the alloy duralumin in 1906. Since then, they 

have been investigated by different mechanical testing, calorimetric measurements and 

microscopy analysis. Two hardness rise stages are noticed during aging at normal temperatures, 

which are the rapid initial rise (about 50–70% of the total hardness increase), and the second rise, 

which is slower than the first one. In semi-logarithmic representation, they are separated by a 

sort of plateau whose duration depends strongly on temperature and alloy composition. In normal 

scale, a plateau does not always appear [8]. 

 

In the literature many researchers have studied the aging of aluminum alloys. For example, Ou 

[9] studied the influence of pre-aging at low temperature on the thermal age hardening for 

aluminum alloy 6063 (Al–0.72 Mg–0.42Si). He found that any increase in pre-aging temperature 

and/or holding period time will significantly decrease the strength of the alloys during and after 

thermal aging. 

 

Age hardening can change the dimensions of the material due to internal stresses, alloy 

concentrations, and the aging process. It is hard to predict these dimensional changes because of 

the number of the intervening factors. Oneda et al [10] examined the effect of pre-aging on the 

artificial age hardening of 1.32wt% Mg2Si aluminum based alloy at 170 °C. They found that the 

change in hardness was strongly dependents on the pre-aging temperature. Özbek [11] studied 

the effects of re-solving treatment of AA2618 aluminum based alloy, at solution heat treatment 

temperature between 520–640 °C and holding time of 14–24 h, followed by artificial aging. He 

found that further solution treatment temperature leads to increase both the grain and the 

precipitate size, and then reduces the hardness significantly. Al9FeNi-type intermetallics are not 

completely dissolved by these solution treatments.  

 

Desmukh et al [12] studied aluminum 7010 alloy  (Zn 6.3, Mg 2.3, Cu 1.55, Zr 0.14) fatigue life, 

the fatigue life was corresponding to 106 cycles and the results revealed that the over aged alloy 

has a fairly high value of fatigue strength as compared to the peak aged alloy. These results were 

discussed with the aid of microscope images to show the differences between the microstructures 
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developed in the materials that subjected to different aging treatments. Zeren [13] studied the 

effect of heat-treatment on aluminum piston alloys, AlCu4MgNi alloys and AlSiCuMgNi alloys 

with 10.5%, 12%, 18% and 24% Si are widely using in automotive industry for this purpose. It 

was found that the mechanical properties of aluminum based piston alloys are highly dependent 

on the heat treatment temperature and treating time. Thus, characteristics of heat treatment play a 

significant role for excellent microstructure and mechanical properties. 

 

Ouellet et al [14] studied the aging phenomenon of 356 and 319 aluminum alloys. They found 

that the main parameters that control the mechanical properties are the iron and copper 

intermetallics, the eutectic silicon particle characteristics, the porosity size and distribution, and 

the supersaturation level of Mg and Cu in the α-Al matrix after solution heat treatment. 

Gonzalez-Martınez et al [15] studied the age hardening of magnesium wrought alloys 

(magnesium- aluminum zinc series) by damping measurements and hardness. They found that 

the age hardening temperature significantly accelerates the damping and the hardening of the 

specimens.  

 

2. DESIGN OF EXPERIMENTS 

 

The Experiment was designed totally using of design of experiment (DOE) with an assistance of 

MINITAB software. The selected study factors were: aging time, %Cu and % Ni with eleven 

levels for aging time factor and 4 levels for each of %Cu and %Ni. Table 1 shows the considered 

factors and levels in this study.  The hardness in term of Rockwell scale B (HRB) was measured 

at different combination of study factors. After selecting factors and their levels, the 

experimental were conducted based on a random sequence to ensure reproducibility of the 

apparatus and maintain high level of accuracy.   

 

Two replicates were measured for each factors combination, so the total number of required test 

specimens was 352. In order to reduce the measurement error, the hardness measurement was 

taken five times at five different locations along the specimen for each sample, and then the 

averages of these five measurements were considered for further analysis. Actual hardness 

measurement would be represented by equation (1) according to design of experiment model. 



122                                         M.M. Hamasha, A.T. Mayyas, A.M. Hassan, M.T. Hayajneh,                                 Vol.11, No.2 

Table 1: Factors and levels 
              Level 
Factor 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
7 

 
8 

 
9 

 
10 

 
11 

A Time (Hours) 0 24 48 72 96 120 192 264 432 600 936 
B Cu (%) 1 2 3 4 -- -- -- -- -- -- -- 
C Ni (%) 0 1 1.5 2 -- -- -- -- -- -- -- 

 

 

 

 

 

 
 

Where is the actual measure of hardness,  is the overall mean,  is the effect of the ith 

level of time,  is the effect of the jth level of copper percentage,  is the effect of the kth 

level of nickel percentage,  is the effect of interaction between the time and copper 

percentage,  is the effect of interaction between the time and nickel percentage,  is 

the effect of interaction between the copper percentage and nickel percentage,  is the 

effect of interaction between the time, copper percentage and nickel percentage, and is 

randomized error.  

 

Analysis of variance (ANOVA) was used to test if the factors and the interactions affect the 

hardness significantly or not. Main effect plots for all factors were used to show the trend 

(decreasing or increasing and concavity) of the relation curve between the factors and response 

(hardness values), and two factor interaction plots were used to check if the interactions between 

the factors significantly affect the response. However, ANOVA is very sensitive to normality in 

the distribution of errors, to make sure that normality assumption is valid; the normality 

validation was conducted before any further analysis. Furthermore, to avoid any trend that arises 



Vol.11, No.2                                     The Effect of Time, Percent of Copper and Nickel                                          123 

in the sequence of experimental runs, validation for randomization in the experimental run was 

done as well.   

 

3. MATERIAL AND METHODS 

 

The specimens were produced using casting technique. The aluminum ingot blocks were melted 

at temperature of 750 °C in graphite crucibles. Copper and nickel were then added to the molten 

metal and agitated vigorously to ensure good distribution of copper and nickel. The melt poured 

into the dried cylindrical permanent metallic molds (30 mm in diameter and 175 mm height) as 

shown in Figure 1. Then the mold was left in air to cool down to room temperature.  

 

The next step was heat treatment of the samples which was carried out at 550 ±5 °C in an electric 

arc furnace for 3 h to turn the material into one homogenous solid solution phase. The specimens 

were then quenched in water at room temperature immediately after being taken out of the 

furnace. Surface polishing takes place to remove the oxide layer and get smoother surfaces.  

Then the hardness change due to natural age hardening was measured continuously for 936 h (39 

days) starting from the time of quenching. The hardness was measured using Rockwell hardness 

test scale B (1/16-inch hardened steel ball with minor load 10 kgf and major load 90 kgf). In 

order to reduce the reading errors and get more representative hardness value, the hardness 

readings were taken at five different locations on the surface for each specimen. 

 
Figure 1: Permanent mold which contains two splits. a) Opened, b) Closed. 

a) b) 
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4. RESULTS AND DISCUSSION  

 

Figure 2 shows the aging curves that represent the relationship between natural age hardness and 

the aging time for all %Cu - %Ni combinations. It is clearly shown that the difference in the 

initial hardness between the specimens depending on the copper and nickel percentages. The 

higher copper and/or nickel percentage the higher hardness value is, and vice versa. The 

replacement of aluminum atoms with other alloying atoms leads to deform the lattice, so at a 

higher alloying percentage, the lattice gets more deformation with more solute atoms and hence 

the hardness gets high. These deformations inhibit the movement of the dislocations. Rockwell 

hardness number (HRB) increases rapidly for all samples over about 300 hours, and then it keeps 

constant until the end of the 936 hours. HRB increasing at the early stage is due to the diffusion 

of the solute atoms as coherent phases in different areas within the lattice of the aluminum based 

alloys.   

 

Figure 2: Effect of copper and nickel percentage on the natural precipitation hardness over 936 h 

 

The percentages of copper and nickel not only influence the initial hardness, but also influence 

the range of hardness increase over the time, where the high percentage of alloying element has 

high impact on the hardness incremental range and vice versa. For example, the maximum 
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increasing range was for the combination of 4 % copper and 2 % nickel with 35.5 HRB and the 

minimum increasing range was for the combination of 1 % copper and 0 % nickel with 3.5 HRB. 

This is partially due to the increased amount of precipitated coherent phase inside the lattice.  

 

No over-aging status had been noticed in this study. However, it seems that the time of 936 hours 

was too short for the considered alloys to allow the complete separation of the coherent phases, 

which cause the phenomenon of over- aging to occur.  

 

Design of experiment (DOE) tool was used in this study to analyze data and draw the 

conclusions. The normal distribution of the randomized error is the right distribution for 

validating the DOE model. So the proof of normality in the error distribution was made before 

start analyzing the data.  Figure 3 shows the normal probability plot. The linearity of the relation 

refers to the normality of the standardized error. As shown in this figure, almost all points are 

clustered straight along the line except very few points at ends of the linear line. Hence, it can be 

concluded that the standardized error is very close to normal distribution and the model is 

statistically valid for further analysis. In order to avoid any unintentional trend in the run order, 

the observation order versus residual was plotted as shown in figure 4; however, the standardized 

residual points are distributed around the zero and there is no sign of non randomized patterns 

within the distribution.  
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Figure 3: Normal probability plot for the standardized residuals. 
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Figure 4: Standardized residuals versus experimental run order. 

 

After validating the normality of the randomized error distribution and randomization of the 

experimental run, the significance of the factors and their interactions on the response was 

conducted using analysis of variance (ANOVA). ANOVA is basically a collection of statistical 

procedures, in which the variance is divided into many components depending on the cause of 

variation. Two statistical hypotheses, as seen in equation 3, were developed in the ANOVA 

model. If the means are equal, null hypothesis is failed to be rejected and hence the term is not 

significant. If at least two means are different, null hypothesis is rejected and instead alternative 

hypothesis is accepted and then the term is significant. The statistical test that used in ANOVA is 

F-test where F0 is calculated and compared to standard F-critical, and then the conclusion can be 

drawn based on that. A detailed description of F test is in Montgomery et al [16].   

 

 
                  (3) 

 

Also the comparison between P-value and confidence level α (usually 0.05) can draw similar 

conclusion whether to accept or reject the null hypothesis. If P-value is less than 0.05, then the 

null hypothesis has to be rejected and the term is significant, otherwise the term is not 

significant. In the last column of the ANOVA table, P-value for each factor and interaction is 

listed.  
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Table 2 lists the factors and the interactions between them, degree of freedom (DF), sum of 

square (SS), Mean sum of square (MS), F0 value, and P-value. From Table 2 it can be said that 

all terms (factors and the interactions between them) are significantly affecting the hardness of 

the alloy, where all P-values are less than α=0.05. The fitting level of the data represented by R2 

and R2
adjustable,  where both have values more than 95%, which means that the data fits the model 

very well. The main effect plot of all factors is shown in Figure 5 to check the trend of the 

factors and interaction between them. It can be concluded that hardness is directly proportional 

to the level of each factor.  The curvature of the main effect on hardness of both copper and 

nickel percentages is not clear. However, the main effect on hardness of aging time is concave, 

in other words the hardness has a negative acceleration rate.   

 

Table 2: ANOVA table 

Source                                    DF             SS              MS            F             P 

Time 10 8795.19    879.52    1799.95   0.0 
% Cu 3 43078.07   14359.36   29386.59   0.0 
% Ni 3 5308.25    1769.42    3621.13   0.0 
Time (h)*% Cu 9   2784.31    92.81     189.94   0.0 
Time (h)*% Ni 30 109.87     3.66       7.50   0.0 
% Ni*% Cu 30 845.32     93.92     192.22   0.0 
Time *% Cu* % Ni  90 464.81       5.16      10.57   0.0 
Error 176 86.00       0.49   
Total 351 61471.82    

S = 0.699025            R-Sq = 99.86%          R-Sq(adj) = 99.72% 

 

The plot of two factor interactions is shown in Figure 6. Also the surface response plot is shown 

Figure 7. Form both figures, there is a great interaction between all of the factors. For example, 

the response of one factor highly depends on the level (high or low) of the other factor. The 

interactions between factors are important when the optimization for the hardness is the aim of 

the study.   
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Figure 5: Main effect plot 

 

 

 

Figure 6: Interaction plot 
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Figure 7: Surface plots of the significant interactions of a) % Cu – time, b) %Cu - %Ni, and c) % 

Ni –time. 

 

5. CONCLUSIONS  

 

The hardness increased for all %Cu - %Ni combinations sharply starting from the beginning of 

the aging time, but it was slowing down with the time until about 300 hours where it kept 

approximately constant till the end of aging time (936 hours). This indicates that the solute atoms 

start to diffuse in a short time producing severe lattice distortion in different areas to form the 

coherent phase, causing an increase in hardness of the studied alloys. The hardness was higher 

for a higher copper and nickel percentages at the initial time. The reason behind that is due to 

higher precipitated coherent and then higher internal strain at higher alloying element 

percentage. Also the hardness increasing was more at higher copper and nickel percentages. This 

is due to higher amount of alloying atoms available for diffusing to form more coherent phases 
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and add more internal strain to the lattice. Over-aging was not observed in this study regardless 

of the used composition of the different alloying elements. It seems that the time was not long 

enough to separate the non-coherent phases and remove the internal strain from the lattice. 
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