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Abstract: Precipitation-hardened aluminum alloys need to be heat treated to achieve the mechanical properties required for their 
application. The production of these materials can be optimized to make them more attractive and competitive comparing to other 
materials such as composites that have a growing and large market share in aeronautics field. One way to do this is by controlling the 
artificial aging of precipitation-hardenable aluminum alloys, such as the 2000 series Al-Cu alloys. These alloys can be monitored in 
real time by analyzing their conductivity behavior inside the furnace. The objective of this work is to evaluate the electrical 
conductivity behavior in real time of the 2024 alloy during the artificial aging at 190 °C. For this, analyses were made in order to 
assess the behavior of the microhardness curve by aging time and its microstructural characterization with thermal treatments in the 
times of 1 h to 9 h interrupted every 1 h. The results of the electrical conductivity versus hardness curve showed a significant 
correlation and indicate that this measure has great potential to be used as a tool to control the thermal treatment of aging. 
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1. Introduction 

Aluminum manufacturers for the aeronautical 

industry have invested in technology in order to make 

their product more competitive in the market 

compared to composite materials by improving the 

properties of aluminum and the quality of its 

production [1-3]. Al-Cu alloys of the 2000 series have 

their application in aircraft structures, mainly in the 

wings, as they present the excellent mechanical 

resistance obtained by heat treatment accompanied by 

good toughness [4-6]. 

The present work aims to evaluate the behavior of 

the electrical conductivity during the heat treatment of 

artificial aging in a 2024 alloy, thus, to show the 

relationship between the hardness and electrical 

conductivity of this alloy. In this way, the time of the 

heat treatment can be optimized, as well as the quality 

control of the material during the process. The 

analysis of electrical conductivity was performed in 

real time using the four-terminal method during the 
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heat treatment process and a correlation between 

hardness and aging times was stablished. This method 

is used in electronics to analyze the electrical resistivity 

of metallic materials [7-9], but it is little explored to 

monitor the behavior of electrical conductivity during 

artificial aging. During the monitoring and 

characterization of the 2024 alloy, analyses of 

hardness, electrical conductivity and material image 

were performed from samples as received, solubilized 

at 495 °C for 3 h, and with artificial aging treatment. 

The artificial ageing was interrupted at intervals of 1 h 

with a total time of 9 h at 190 °C. 

The 2024 aluminum alloy belongs to the 2xxx 

series, which can be divided into two main groups: the 

Al-Cu alloys with relatively low magnesium content 

and the alloys with relatively high magnesium content, 

above 1%, also called Al-Cu-Mg. In the first group, 

precipitation hardening is related to the precursor 

phases of the Al2Cu phase, while in the second group, 

the hardening is related to the S’ Al2CuMg phase [5, 6, 

10-14]. 

The copper content influences the continuous 

increase in hardness due to the formation of 
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precipitates that consist of a cluster of solute and 

solvent atoms. The Guinier-Preston zone formed in 

the matrix due to the high concentration of copper 

maintains coherence with the matrix and constitutes 

an obstacle to the movement of dislocations more 

effectively than the solute atoms in their individual 

form, even when the interaction energy with 

dislocations associated with the atoms in the solid 

solution is high. These GP zones are also formed in 

artificial aging, being considered a precursor to 

metastable intermediate precipitates [10, 12-14]. 

The magnesium content of the 2024 alloy in the 

solid solution accelerates natural aging and during 

artificial aging refines the θ' phases, increasing its 

density and improving its mechanical strength. The 

immobilized clusters then serve as nuclei for the 

formation of θ' precipitates. The continuation of the 

heat treatment leads to the formation of a 

thermodynamic equilibrium precipitate θ' having 

Al2Cu chemical composition, in which, even if the 

treatment continues, there is no change in its 

characteristics, except for the size, which tends to 

coalesce, decreasing the hardness when compared 

with the coexistence interval of phases θ'' and θ' [10, 

12-14]. 

The hardening of aluminum alloys by heat 

treatment is a three-step process: solubilization, 

tempering and artificial aging. For the precipitation 

hardening reaction it is necessary initially to produce a 

solid solution. The process by which this is done is 

called solubilization heat treatment and results in the 

solid solution of the maximum amounts of the soluble 

hardening elements in the alloy. This process consists 

of raising the temperature in the alloy for a certain 

time to obtain an almost homogeneous solid solution. 

The thermal treatment of artificial aging for the gain 

of mechanical resistance involves the critical control 

of heating in the treatment and cooling range, thus 

resulting in the desired microstructure. The behavior 

of the hardness during the heat treatment period of 

artificial aging at 190 °C shows a rapid increase in the 

first hours, which is possibly caused by the formation 

of the GPB zones. After this, the hardness increases at 

lower rates possibly due to the formation of 

intermediate phases: in the condition of maximum 

strength both the θ and θ' transition precipitates may 

be present [10-12]. 

Electrical conductivity in metals is associated with 

changes in the scattering of conduction electrons and 

by network vibration [8, 15-18]. In general, this 

influence is related to imperfections in the crystalline 

network that act as spreading centers and can be 

treated as stationary, in the case in question, because 

the impurities represent local disturbances in the 

crystalline network. In 2024 alloy, the Young’s 

modulus is affected depending on the process or heat 

treatment and, with this the spectrum of the network 

vibration is modified. Regarding the solid solution 

condition found in the 2024 alloy, the addition of the 

copper alloy element promotes a decrease in 

conductivity due to the increase in electron dispersion, 

despite the fact that copper has greater electrical 

conductivity than aluminum [16]. 

The four-terminal method technique is used in other 

scientific works [7-9] to analyze the behavior of 

electrical resistivity. The technique is used in 

equipment such as ohmmeters for measuring 

resistance of metallic materials up to the order of 1 

mΩ [17]. The principle of the technique for the 

experiment is based on the electrical resistance 

between any two points of the metallic material, 

applying a potential difference between these points 

with a known electrical current. 

The solubilized condition of the 2024 alloy has high 

electron dispersion caused by vacancies, by alloy 

atoms present in the matrix and by the formation of 

the GP and GPB zones with dimensions comparable 

to the electron wavelength; in addition, distortions and 

displacements in the contours of these zones or in 

their clusters also increase electro scattering [15]. 

Electrical conductivity varies with two simultaneous 

processes: there is a decrease in the number of 
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R = U/I [Ω]            (1) 

where R is the material resistance, U the applied 

voltage V and I the electrical current A. The electrical 

resistivity ρ is given according to Ohm’s law, where A 

is the section area and L is the sample length, shown 

in Eq. (2). 

ρ = R * A/L [Ω/m]          (2) 

3. Results and Discussion 

The chemical composition of the 2024 alloy is 

shown in Table 1 [19, 20]. The ratio between %Cu 

and %Mg greater than 1.5 provides the information 

that the formation of the S phase will be favored; in 

alloy 2024 this ratio varies between 2.11 and 4.08. 

The composition analysis by optical emission 

spectrometry analysis is shown in Table 1. The result 

shows that the chemical composition is within the 

limits of the range that classifies the 2024 alloy [20]. 

The ratio found between %Cu and %Mg is 2.88, 

which favors the greater formation of the hardening 

phase Al2CuMg over the phase Al2Cu. The 0.158% 

iron content provides the formation of unwanted 

phases such as inclusions and dispersoid phases, 

which do not provide a significant hardness gain [3, 

10]. 

The result by scanning electron microscopy in the 

sample as received is shown in Fig. 3. From the 

obtained image, an analysis was performed by 

dispersive energy spectroscopy (EDS) on the particles 

found. The presence of the Al2CuMg and Al2Cu 

phases was verified in Fig. 3 and shows identification 

of regions such as A, B, C and point D. The 

relationship found between Cu and Mg in the result of 

the chemical composition favors the formation of the 

S phase, however point D of Fig. 3 shows the 

probable formation of the Al2Cu phase, shown as a 

rounded white precipitate [11, 21, 22]. 
 

Table 1  Chemical composition (% wt). 

 Cu Mg Mn Fe Si Zn 

2024 3.8-4.9 1.2-1.8 0.3-0.9 0.5 0.5 0.25 

Sample 4.1 1.4 0.7 0.2 0.1 0.06 
 

The result of the EDS performed in the sample 

matrix as received has a uniform distribution of the 

precipitated points, indicating a significant presence of 

its elements with greater content in the 2024 sample. 

In Fig. 3, a few white dots and many regions with 

uniform black dots in the matrix are observed, being 

possible that these dark regions are the detachment or 

dissociation of precipitates during polishing. 

Fig. 4 shows the variation in the hardness of the 

2024 aluminum alloy as a function of the artificial 

aging time. The evolution of microhardness in the 

time interval of up to 9 h can be plotted with a curve 

with one or more peaks [21, 23]; a characteristic peak 

was seen in 8 h. 

The hardening curve of the aluminum alloy 2024 

reveals that its mechanical strength increases 

gradually according to the artificial aging process. In 

the first hour of heat treatment the hardness increased 

rapidly, as is also observed in the work of Banhart [8], 

given an increase in the formation of the Al2CuMg 

phase. The variation in hardness as a function of the 

artificial aging time showed a decrease in hardness in 

2 h. After 3 h the increase in hardness is more subtle 

and may be associated with the intermediate phases of 

Al2Cu and Al2CuMg. The maximum hardness found 

in the hardness behavior in relation to the artificial 

aging time at 190 °C was 153 HV, reached in 8 h of 

heat treatment. The hardness of the material received 

and the behavior during heat treatment are within the 

limit specified [20]. 

The result of the experiment using the four-terminal 

method is shown in Fig. 4. The figure shows the 

behavior of the electrical conductivity curve as a 

function of the heat treatment time of artificial aging 

at 190 °C. The analysis of this aging treatment in real 

time revealed an interesting aspect about the resulting 

curve and the hardness curve. The variation in the 

electrical conductivity of the 2024 alloy during aging 

at 190 °C is related to the way in which Cu and Mg 

elements are organized in the microstructure and how 

it affects the electro-scattering. While in the first hour 
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Fig. 3  Scanning electron microscopy image on alloy 2024 with analysis by EDS in the matrix (region C) with fine 
precipitates and, in the clear regions, the presence of the phases Al2CuMg (regions A and B) and Al2Cu (point D). 
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Fig. 4  Behavior of electrical conductivity in real time and 
the relationship with its hardness. 
 

of heat treatment a pronounced increase in electrical 

conductivity is observed, in the following hours there 

is a decrease in the gradient, this behavior being 

probably linked to the loss of solute caused by 

formation of precipitates. The electrical conductivity 

increases rapidly with the decrease of copper in 

solution [15, 18]. However, this increase becomes 

smaller and smaller with lower levels of copper in 

solution, which is caused by the diffusion mechanisms 

and also by the increase in precipitates that contribute 

to electro-scattering [24]. 

In addition, the behavior of the electrical 

conductivity is disturbed by the temperature: the 

disturbance in the crystalline network is observed by 

the higher values on the y-axis of the electrical 

conductivity curve shown in Fig. 4. 

The presence of a peak in Fig. 4 corresponds to a 

precipitation stage also found in the hardness curve. 

This allows the progress of aging and the precipitation 

sequence to be evaluated with measurements of 

electrical conductivity. This shows that electrical 

conductivity is able to monitor heat treatment in real 

time. The study of the behavior of electrical 

conductivity during heat treatment enables the 

understanding and better control of mechanical 

properties. This can have practical purposes, such as 

time optimization, quality control, and efficiency and 

even automation of heat treatment. 

4. Conclusions 

The samples aged thermally at 190 °C showed the 

values of hardness and electrical conductivity that are 

quite dependent on the aging conditions, and the 

combination of these can allow the verification of the 

evolution of the artificial aging process over time. The 

value of electrical conductivity is derived from its 

high sensitivity to microstructural parameters that 

affect electro scattering. The electrical conductivity 

behavior related to the hardness curve offers a good 

tool for process control and the study of the electrical 

behavior of the 2024 alloy during real-time artificial 

aging heat treatment, due to the practicality of the 

measurements. 
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