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A B S T R A C T   

In this research, the influence of short-term natural re-aging after T351 temper on the micro
structural evolution and mechanical behavior of AA2024 aluminum alloy was investigated. Grain 
growth occurred in the microstructures of the natural re-aged sample and a large number of 
Al7Cu2Fe particles were located inside the alpha grains. At the re-aging time of 1440 min, the 
peaks of XRD were shifted strongly to the right due to the formation of θ′′, S″, θ′, and S′. The results 
revealed that the precipitation rate was high in the AA2024 alloy during natural aging. With 
increasing the re-aging time, texture parameters remained almost unchanged. The hardness 
increased slowly within the first 60 min, then enhanced rapidly between 60 and 2880 min, and 
finally became stable at around 139 HV between 2880 and 11520 min. When the natural re-aging 
time increased from 240 to 2880 min, the strengthening trended speed up, viz, the yield strength 
increased from 226.6 to 357.3 MPa, and the ultimate tensile strength enhanced from 452.2 to 
535.5 MPa. Compared to the as-received sample (T351 temper), the ultimate tensile strength of 
the re-aged sheet improved from 455.5 to 535.5 MPa, the ductility remained unchanged, and the 
hardness increased from 128.8 to 138.2 HV, which was owing to the acceleration of the pre
cipitation caused by the presence of high-content Al7Cu2Fe particles in the interior of the alpha- 
aluminum grains in the natural re-aged sample. It was found that the Portevin-Le Chatelier 
instability of AA2024 alloy was effectively postponed after natural re-aging. With increasing the 
natural re-aging time, the strain hardening rate of the AA2024 sheet increased. The strengthening 
of the natural re-aged sample for 1440 and 2880 min was a result of a synergistic effect of pre
cipitation hardening due to the formation of θ′′, S″, θ′, and S′ phases, elimination of Portevin Le- 
Chatelier instability, and highly efficient load transfer from alpha-aluminum to Al7Cu2Fe. Finally, 
to use the A2024 alloy produced by natural re-aging for 1440 or 2880 min, two methods were 
proposed.   

1. Introduction 

Heat-treatable AA2024 aluminum alloy is intensively used in military, aerospace, and automotive industries due to its good 
corrosion resistance, high strength/density ratio, and good fatigue resistance [1–5]. In the AA2024 alloy, the mechanical properties 
mainly originate from metastable precipitates formed during aging treatment. The general precipitation sequences of AA2024 alloy are 
[6–9]: 
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1. Supersaturated solid-solution → Guinier-Preston (GP) zones → θ′′ → θ′ → θ (Al2Cu)                                                                               

2. Supersaturated solid-solution → Guinier-Preston-Bagaryatsky (GPB) zones → S′′ → S′ → S (Al2CuMg)                                                     

Although the AA2024 alloy has been known for several decades, the mechanisms underlying the formation of precipitates during 
natural and artificial aging treatment are still the subject of many research works. AA2024 alloy has high strength after artificial aging 
but it is too brittle to plastically deform in this state. However, during a very short time after solution heat treatment followed by 
quenching, this alloy reveals high ductility and low strength. In fact, the initial stages of natural aging are the best state to perform final 
cold forming such as cold stamping. Therefore, it is demanded to develop AA2024 alloy with high ductility by natural aging. 
Meanwhile, the naturally aged AA2024 alloy should have enough strength to meet service requirements. 

Despite considerable studies devoted to investigating the precipitation behavior in the AA2024 alloy during artificial aging 
treatment, the works on the natural aging of this alloy have been so far limited. Lotter et al. [10] investigated the natural ageing of 
Al–Cu–Mg and Al–Cu alloys. Based on this research, the Al–Cu–Mg sheet exhibited a remarkably enhanced hardening response 
compared to the Al–Cu sample owing to the different compositions of the clusters generated during natural aging. Kim et al. [11] 
studied the effect of natural + artificial aging treatments and magnesium atoms on the clustering behavior of aluminum-copper alloy. 
The growth of clusters during aging treatment at room temperature was rarely influenced, even though the chemical composition of 
the clusters was changed by the content of magnesium. They reported that clusters created during aging treatment at room temper
ature partially dissolved during subsequent artificial aging treatment. Klobes et al. [2] investigated the natural aging of AA2024 alloy. 
They reported that during natural aging the chemical environment of vacancies is generated for both copper and magnesium atoms. 
Also, the rearrangement of vacancy surroundings led to an enhancement in the hardness of AA2024 alloy. Copper atoms were 
embedded near the vacancies and therefore the vacancies were gently trapped inside the clusters. Ivanov et al. [12] studied the kinetics 
of clustering during the natural ageing of Al–Cu–Mg. When the magnesium/copper ratio of the alloy was high, magnesium atoms 
quickly clustered with the initial copper-rich domains leading to an improvement in the hardness value owing to the formation of 
strong copper-magnesium bonds. Liu et al. [13] investigated the influence of high-pressure torsion followed by natural aging on the 
tensile behavior of AA2024 alloy. A hierarchical nanostructured was produced by high-pressure torsion and natural aging. The triple 
strengthening effects including the S′/S precipitates, the secondary phase (oxide particles) hardening, and the grain refinement led to a 
high yield strength (YS) and tensile strength (UTS) of 934 and 992 MPa, respectively. However, the ductility significantly decreased to 
2%. Österreicher et al. [14] investigated the effect of secondary aging on the formability of an AA2024 sheet in W and under-aged 
tempers. The pre-aged temper was stronger than the W one at the early stages of natural aging. However, further natural aging 
was effectively suppressed, and after 24 h, the strength was lower than the W temper naturally aged for the same time. Also, the 
formability of the pre-aged AA2024 sheet was slightly larger. They stated that the generation of GPB zones and S decreases the driving 
force for magnesium/copper co-cluster precipitation during secondary natural aging. Therefore, the improvement of strength asso
ciated with natural aging was inhibited. It should be noted that in industrial production, natural aging is inevitable in the AA2024 sheet 
due to the delay between the quenching and final forming process. Therefore, it is worthwhile to investigate the natural aging of the 
AA2024 sheet to achieve high strength-ductility balance (toughness). 

T6 temper is an important temper for the AA2024 alloy for aerospace applications. This temper includes solution heat-treated, then 
artificially aged. Recently, the application of T6 for AA2024 has been limited by technical issues such as the high cost of processing 
(due to long-term artificial aging treatment) [15]. The motivation of the current study is to achieve a higher toughness than T6 temper 
in AA2024 alloy concurrently with high ductility, without PLC instability by short-term natural re-aging after T351 temper as a new 
technique to conventional T6 procedure. There is no published work about the natural re-aging of AA2024 alloy in the literature. The 
present research explores the precipitation hardening, mechanical properties, PLC instability, and work-hardening behavior during 
natural re-aging at different times in the AA2024 alloy. 

2. Materials and methods 

The investigated material was an AA2024 alloy sheet with a thickness of 2 mm. The chemical composition and mechanical 
properties of the as-received sheet are given in Tables 1 and 2, respectively. The temper of the as-received AA2024 was T351 (solution 
heat-treated, stress relieved by 2% stretching, then naturally aged). The initial sheets were solutionized at 500 ◦C for 60 min and then 
water-quenched. The quenched samples were naturally re-aged at ambient temperature for different times up to 11520 min (8 days). 

Optical microscope (OM), scanning electron microscope (SEM), and transmission electron microscope (TEM) under a voltage of 
300 kV were utilized to characterize the microstructure, precipitates, and fracture surfaces of the sheets. TEM samples were prepared 
using grinding to a thickness of 50 μm and jet-polishing at − 30 ◦C by an electrolyte consisting of 67 vol % CH3OH + 33 vol % HNO3. 
The quantitative analysis was conducted by Image J software. 

The samples at different stages of the natural aging were ground and polished to a mirror finish using standard metallography 
procedures for Vickers hardness tests with a load of 100 g and a dwell time of 10 s. The mean value of nine points was determined to 

Table 1 
The alloy composition of the as-received sheet (wt.%).  

Cu Mg Mn Fe Si Zn Ti Al 

4.90 1.43 0.66 0.28 0.21 0.06 0.04 Bal.  

F. Haghdadi et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e27257

3

avoid unexpected errors during the hardness test. The error bars were achieved by calculation of standard deviation. The hardness 
measurements obtained within 5 min after the quenching correspond to the as-quenched condition (0 min). The uniaxial tensile tests of 
the samples were conducted on a Santam tensile device at ambient temperature. The testing was conducted at a crosshead speed of 1 
mm per minute. The length and width of the gauge were 12 and 3 mm, respectively. 

3. Results and discussion 

The RD-TD and RD-ND microstructures of the as-received AA2024-T351 sheet are depicted in Fig. 1(a–d). The microstructure 
consists of coarse alpha-aluminum grains with a mean grain size of 33.1 μm on the RD-TD section, elongated alpha grains with an 
average width of 13.2 μm on the RD-ND section, and hard and brittle intermetallic compound particles. These intermetallic compounds 
are mainly ω-Al7Cu2Fe, which will be confirmed by X-ray analysis. The Al7Cu2Fe phase is formed during the solidification of AA2024 
alloy. Based on the quantitative analysis, the volume fraction of these particles in the as-received alloy is about 3%. In the as-received 
sheet, due to rolling (before T351 temper), the grains are elongated along the rolling direction. The important question is why, despite 
the solution heat treatment during T351 temper and dissolution of precipitates, the grains are still elongated and do not become 
equiaxed grains in the RD-ND plane of the sheet. During the production of this alloy by rolling (before T351 temper), Al7Cu2Fe 
intermetallic compounds fragmented along the direction of rolling as displayed by blue arrows in Fig. 1(b) and (d). This creates ob
stacles (finer Al7Cu2Fe particles) for the migration of grain boundary (during solution heat treatment of T351 temper) in the direction 
of fragmented particles. Based on Zener pinning, fine particles can act to inhibit the motion of grain boundaries by exerting a pinning 
pressure which counteracts the driving force pushing the grain boundaries [16–18]. Therefore, the grain growth towards the rolling 
direction remains without hindrance, while, fine Al7Cu2Fe particles inhibit the grain growth in the normal direction of the sheet. 
Consequently, the elongated shape of the grains is preserved as observed in Fig. 1(c) and (d). 

The RD-TD and RD-ND microstructures of the natural re-aged sample are demonstrated in Fig. 2(a–d). It is clear that grain growth 
has occurred in the microstructures of the natural re-aged sample. The average grain size of the RD-TD plane is 54.5 μm and the 

Table 2 
Mechanical properties of the as-received sheet.  

YS (MPa) UTS (MPa) Ductility (%) Hardness (HV) 

351.6 455.5 28.8 128.8  

Fig. 1. The microstructures of the as-received (T351) sample.  
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average grain width of the RD-ND plane is 19.3 μm. The grain growth is due to secondary solution heat treatment. Increasing the grain 
width from 13.2 to 19.3 μm (46% increase) indicates that grain growth has occurred even in the normal direction of the sheet. This 
grain growth during solution heat treatment may be effective in the precipitation behavior of the AA2024 alloy during re-aging 
treatment, which will be investigated further. From Fig. 1, the Al7Cu2Fe particles are mainly located in the grain boundaries. How
ever, Fig. 2 shows that a large number of grain boundaries have passed through the Al7Cu2Fe particles as a result of secondary solution 
treatment. Therefore, a large number of Al7Cu2Fe particles are placed inside the alpha grains. 

Fig. 3 depicts the XRD profiles of the natural re-aged samples at different times. The (111), (200), (220), and (311) peaks of the 
alpha-aluminum phase can be observed in Fig. 3(a). These patterns, do not show any peak that could be attributed to Al2Cu (θ) 
precipitates in the re-aged samples, indicating that the content of the θ precipitates is insufficient to show a peak. There were several 
peaks of the insoluble Al7Cu2Fe intermetallic particles that were marked with triangles in Fig. 3(a). To clearly show the change of the 
peak shifting with re-aging time, the (200) peak of all samples is magnified and depicted in Fig. 3(b). The enlarged diffraction profiles 
show important changes. By increasing the re-aging time to 240 min, there is no shift in the peak. This result shows that until 240 min, 
the precipitation progresses only to the generation of GP and GPB zones, because, in the precipitation sequence of the AA2024 alloy, 
the lowest coherency strain belongs to the GP and GPB zones. In the early stages of aging (up to 240 min), copper clusters have the 
same crystal structure as the host aluminum matrix, showing no interface. Therefore, the coherency is high and there is no lattice 
distortion. According to Fig. 3(b), at the re-aging time of 1440 min, the peak has shifted strongly to the right. This can be attributed to 
the formation of θ′′, S″, θ′, and S′ during natural re-aging which is accompanied by the formation of coherent (not fully coherent) and 
semi-coherent interfaces. This creates high coherency strains and causes severe lattice distortion in the unit cells of aluminum near the 
precipitates. From Fig. 3(b), by further increasing the re-aging time to 2880 min, the value of peak shifting decreases due to the 
formation of more θ and S with incoherent interfaces in the AA2024 alloy. The formation of the θ and S can consume solute copper and 
magnesium atoms and produce incoherent interfaces with low coherency strains. Therefore, the lattice distortion of alpha-aluminum is 
decreased, and the peak shifting is reduced, which is in line with the previous works [19,20]. With a further increase in the re-aging 
time to 5760 and 11520 min, the amount of peak shifting is almost unchanged. 

To prove the formation of θ′′, S″, θ′, and S′ precipitates during the natural aging time of 1440 min, the high-resolution TEM image of 
this sample is shown in Fig. 4 θ′′ and S″ are multilayered precipitates, and θ′ and S′ are thick precipitates [11,21,22]. After 1440 min of 
natural re-aging time, the coexistence of θ′′, S″, θ′, and S′ phases is observed in the alpha-aluminum matrix of the AA2024 alloy. 
Comparably, there are more S″ and S′ and fewer θ′′ and θ′ precipitates in the re-aged sample for 1440 min. This is due to the presence of a 
considerable content of magnesium atoms (1.43 wt%) in the as-received alloy which was obtained via quantometer analysis. It is 
reasonable that, at room temperature, the thermodynamic driving force is not high enough to develop high-content and larger θ′′, S″, θ′, 

Fig. 2. The microstructures of the natural re-aged sheet.  
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and S′ precipitates. From Fig. 4, the precipitation of θ and S cannot be observed. Despite aging at ambient temperature, the precipi
tation rate was high in the present work. This indicates that there are more sites for the nucleation of precipitates in this study. Based on 
the results above, there are three possible reasons.  

1. This result can be ascribed to the presence of considerable magnesium content in the as-received sheet. It was reported that the 
presence of magnesium atoms remarkably increases the response to natural aging [12,20–22]. Ivanov et al. [12] indicated a 
considerable acceleration of clustering in the Al–Cu–Mg sheet brought by the presence of magnesium atoms. The presence of 
magnesium atoms is important for the initial formation of copper clusters since, in the absence of magnesium atoms, copper 
clustering barely happens. In the Al–Cu–Mg sheets, the clustering initially proceeds by copper atoms and then the formation of 
copper-magnesium-rich clusters [12]. The precipitation of the copper-rich GP zone can be accelerated owing to these 
copper-magnesium-rich clusters which form additional sites and decrease the activation energy for the nucleation of the GP zone 
[23,24].  

2. The coefficient of thermal expansion values for the alpha-aluminum and Al7Cu2Fe phases are 25.5 × 10− 6 K− 1 [23] and 8.5 × 10− 6 

K− 1 [24], respectively. Therefore, during the water-quenching, a high density of dislocations can be produced in the 
alpha-aluminum owing to the large mismatch in the thermal expansion coefficient between the alpha-aluminum and Al7Cu2Fe 
phases. This increases the diffusion rate of copper and Mg atoms and decreases the activation energy for heterogeneous nucleation 
of precipitates during the aging treatment. According to Figs. 1 and 2, the Al7Cu2Fe particles in the interior of the alpha grains of the 
re-aged sample were more than that of the T351 sample. The presence of particles in the interior of the grains (in the re-aged 
sample) generated more dislocations compared to the presence of particles at the grain boundaries of the alpha phase (in the 
T351 sample). Therefore, the presence of Al7Cu2Fe particles in the interior of the alpha grains can accelerate the precipitation 

Fig. 3. (a) The XRD profiles of the natural re-aged samples at different times. (b) The enlarged diffraction profiles of (200) peak.  

Fig. 4. The HRTEM of the microstructure of the sample after 1440 min of natural re-aging treatment.  
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behavior of the AA2024 alloy. According to previous research, Al7Cu2Fe particles can be characterized as heterogeneous nucleation 
sites for the precipitates [25–27].  

3. According to the microstructures (Figs. 1 and 2) and also the XRD patterns (Fig. 3), a high content of Al7Cu2Fe particles has existed 
in the AA2024 alloy. The high content of particles in the alloy provides more diffusion paths for the copper and magnesium atoms 
[27], which can contribute to accelerated precipitation. In addition, the presence of a high content of Al7Cu2Fe particles generates 
more dislocations in the vicinity of the Al7Cu2Fe/aluminum interfaces, which enhances the diffusion of copper and magnesium 
atoms, and consequently promotes the nucleation of precipitates and accelerates the precipitation. 

According to Fig. 3(a), the intensity of diffraction peaks almost remained unchanged at different times of natural re-aging. In other 
words, increasing the aging time caused no variation in the characteristic peak intensity of the alpha-aluminum phase. This means that 
the grain orientation does not change during natural re-aging. For a more detailed analysis of this issue, the texture parameters of the 
(111), (200), (220), and (311) planes of the natural re-aged samples were calculated and are depicted in Fig. 5. As seen in Fig. 5, the 
samples exhibit a strong 〈100〉‖ND (θ-fiber) texture, a moderate 〈110〉‖ND (α-fiber) texture, and a weak 〈111〉‖ND (γ-fiber) texture. 
With increasing the re-aging time from 30 min to 11520 min, texture parameters of the (111), (200), (220), and (311) planes remained 
almost constant. The creation of GP and GPB zones and precipitates during re-aging treatment cannot cause the grains to rotate and 
change the texture of the samples. Therefore, the crystallographic texture will not have any effect on the differences in the mechanical 
properties of the samples. 

Fig. 6 shows the Vickers hardness of the samples during natural re-aging treatment. It can be observed that after an initial short 
plateau, the hardness of the AA2024 sheet tends to enhance gradually during natural re-aging treatment. The hardness of the AA2024 
sheet increases slowly within the first 60 min due to the generation of GP and GPB zones, then enhances rapidly between 60 min and 
2880 min owing to the formation of precipitates, and finally becomes stable at around 139 HV between 2880 min and 11520 min. The 
hardness evolution during natural re-aging reveals an enhanced hardness increase with aging time. Stored at room temperature after 
secondary solution treatment followed by water-quenching has resulted in a 48% hardness improvement in the AA2024 alloy. In 
previous work, during the natural aging of the AA2024 sheet, a maximum (saturation) hardness of ~120 HV was achieved after 2 days 
(2880 min) and further increasing the time of natural aging did not affect the hardness of the alloy [12]. According to Fig. 6, the 
saturation hardness is about 139 HV which was obtained after 2880 min natural re-aging. This can be attributed to performing the 
natural re-aging in the present work. As seen in Table 2, the hardness of the as-received AA2024-T351 sheet was 128.8 HV, while the 
final hardness of the natural re-aged sample was 139.0 HV. As mentioned before, the presence of more Al7Cu2Fe particles in the 
interior of the alpha grains in the re-aged sample compared to the T351 sample can accelerate the precipitation behavior of the 
AA2024 alloy [17]. Therefore, the hardness of the re-aged sample is larger than that of the as-received T351 sheet. 

The stress-strain curves of the natural re-aged sheets are depicted in Fig. 7. Also, Fig. 8(a–d) displays the evolutions of YS, UTS, 
ductility, and toughness with the natural re-aging time of samples. The as-quenched sheet exhibits a low yield strength of 180.2 MPa, 
moderate tensile strength of 432.0 MPa, high ductility of 31.1%, and moderate toughness of 111.7 J cm− 3. At the early stages of natural 
aging (up to 30 min), the yield and tensile strength slightly decreased to 165.5 MPa and 400.8 MPa, respectively, while the ductility 
slightly increased to 33.1%. This can be ascribed to the presence of Cu atoms in the boundaries at the early stages of natural aging. It 
was reported that the presence of Cu atoms in the boundaries of alpha-aluminum increases the strength of the grain boundary [28]. The 
presence of copper atoms in the grain boundaries enhances the charge density of boundaries and forms new bonds with the sur
rounding aluminum atoms, which improves the strength of grain boundaries [28]. The strength of the grain boundary reduced with a 

Fig. 5. The texture parameters of the (111), (200), (220), and (311) planes of the natural re-aged samples.  
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reduction in the copper concentration. By increasing the natural aging time to 30 min, the number of Cu atoms in the boundaries 
decreases due to the diffusion of copper into the alpha grains. Therefore, the strength of the AA2024 sheet decreases, and its ductility 
increases. It should be noted that until 30 min of natural aging, the GP and GPB zones have not yet been formed so that they can prevent 
the reduction of the strength of the sample, which is caused by the reduction of the strength of the grain boundaries. With a further 
increase in aging time up to 960 min, owing to the formation of GP and GPB zones, the strength and ductility show an increasing and 
decreasing trend, respectively. 

When the natural re-aging time increases from 240 min to 2880 min, the strengthening trends speed up, viz, the yield strength 
increases from 226.6 to 357.3 MPa and the ultimate tensile strength increases from 452.2 to 535.5 MPa. With increasing the re-aging 
time from 960 to 2880 min, the ductility improves from 22.9% to 28.9% and toughness is enhanced from 97.8 to 131.0 J cm− 3. 
Increasing the ductility of the AA2024 alloy after 1440 and 2880 min of natural re-aging can be attributed to the significant weakening 
of the Portevin-Le Chatelier instability and higher strain hardening which will be discussed later. 

Fig. 6. The Vickers hardness as a function of natural re-aging duration.  

Fig. 7. Tensile deformation behaviors of the AA2024 sheet after different times of natural re-aging. (a) Stress-strain curves and (b) local magni
fication of curves. 
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Compared to the as-quenched sheet, the strength of the AA2024 sheet rapidly improved within 2880 min, that is, the yield strength 
significantly increased from 180.2 to 357.3 MPa (98% improvement), the ultimate tensile strength increased from 432.0 to 535.5 MPa 
(24% improvement), and the ductility slightly decreased from 31.1% to 28.9%. These results indicate that the AA2024 sheet has a 
superior strengthening response to natural re-aging. This strengthening is mainly attributed to the formation of precipitates during 
natural re-aging treatment. 

Compared to the as-received sample (T351 temper), the yield strength of AA2024 sheet after 2880 min natural re-aging improved 
from 351.6 to 357.3 MPa, the ultimate tensile strength enhanced from 455.5 to 535.5 MPa, the ductility remained unchanged, and the 
hardness increased from 128.8 to 138.2 HV. According to microstructural observations, such enhancements in hardness and tensile 
properties of the AA2024 alloy can be mainly ascribed to the acceleration of the precipitation due to the presence of high-content 
Al7Cu2Fe particles in the interior of the alpha-aluminum grains in the natural re-aged sample compared to the T351 sample. These 
results demonstrated that the natural re-aging would significantly affect the mechanical properties of AA2024-T351 alloy. A superb 
combination of strength and ductility is achieved for the natural re-aged sample for 1440 and 2880 min. It is worthwhile mentioning 
that this superior strength-ductility balance is obtained by only a natural re-aging treatment without the performing long-term arti
ficial aging or the application of plastic deformation techniques such as rolling and extrusion. 

Fig. 8. The variations of (a) YS, (b) UTS, (c) ductility, and (d) toughness of the natural re-aged samples.  
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Fig. 7(b) depicts the corresponding local magnification of the stress-strain curves of the AA2024 sheet after different times of 
natural re-aging. Portevin-Le Chatelier instability (serrations) can be seen in the stress-strain curves of all samples. From the literature 
[29,30], there are three different types of Portevin-Le Chatelier instability based on the propagation characteristics. In type A, the 
serrations propagate without interruption and the curve demonstrates periodic fluctuation. In type B, the serrations propagate 
discontinuously and the curve oscillates. In type C, the serrations nucleate randomly and the curve drops. Fig. 7(b) indicates that, up to 
240 min natural re-aging, the serrations propagate discontinuously, which means that the Portevin-Le Chatelier instability of these 
samples belongs to type B. However, with further increasing the natural re-aging, the propagation of the serrations is different. The 
Portevin-Le Chatelier instability of the samples after 960, 1440, and 2880 min of natural re-aging propagated continuously. Therefore, 
it can be concluded that with increasing the natural re-aging time, the feature of the serrations is changed from type B (natural re-aging 
time ≤240 min) to type A (natural re-aging time ≥960 min). During natural re-aging, the reduction in the content of copper and 
magnesium solutes decreases the number of pinned dislocations, which changes the feature of the Portevin-Le Chatelier instability 
from type B to type A, which can be supported by previous works [29,31]. They indicated that the number of pinned dislocations is 
effective on the feature of the Portevin-Le Chatelier instability. 

To further understand the effect of natural re-aging on the Portevin-Le Chatelier instability, the magnitude of stress drops is 

Fig. 9. The flow curves and stress drop of the AA2024 sheet after (a) 0, (b) 10, (c) 30, (d) 60, (e) 120, (f) 240, (g) 960, (h) 1440, and (i) 2880 min 
natural re-aging. 
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calculated and demonstrated in Fig. 9. Also, the mean amplitude of stress drop and critical strain of all samples are shown in Fig. 10. It 
should be noted that the mean amplitude of the stress drop shows the intensity of hindrance of dissolved atoms against the movement 
of dislocations. The critical strain of stress drop demonstrates the initiation of the dislocation pinning [29,32]. As seen in Figs. 9 and 10, 
the average amplitude of stress drop of the natural re-aged sheets is in the range of 1–6 MPa. It can be observed that the stress drop 
amplitude is highest in the as-quenched sample. During the tensile test, a significant Portevin-Le Chatelier instability is seen in the 
as-quenched sheet. The amplitude of stress drop is high for the re-aging times up to 240 min. With further increasing the natural 
re-aging time, the amplitude of stress drop is significantly decreased owing to the creation of precipitates. At the as-quenched state, the 
average amplitude of stress drop is 5.65 MPa, while this value after 2880 min of natural re-aging decreased to 1.06 MPa (81% 
reduction in average amplitude). The value of the critical strain is another important feature of Portevin-Le Chatelier instability. This 
value first decreases from 0.051 to 0.029 by increasing the re-aging time from 0 to 60 min. Diffusion of copper and magnesium atoms 
from the grain boundaries to the interior of the grains in the early stages of natural re-aging can lead to an increase in the probability of 
dislocation interaction with these atoms at low strains. As a result, the amount of critical strain is reduced. The critical strain increases 
gradually from 0.029 to 0.122 with increasing the natural re-aging time from 60 to 2880 min. This is due to the formation of GP, GPB, 
and precipitates after 60 min of natural re-aging time. This result shows that the serrations of AA2024 alloy are effectively postponed 
after natural re-aging. The serrations in the stress-strain curve of the sheets after 960, 1440, and 2880 min have almost disappeared. It 
shows that the content of solute copper and Mg atoms in the alpha-aluminum has been greatly reduced due to the formation of 
precipitates. In other words, the formation of precipitates consumes solute copper and magnesium atoms, leading to the suppression of 
Portevin-Le Chatelier instability during tensile deformation. The suppression of Portevin-Le Chatelier instability can increase the 
alloy’s ductility as reported in previous works [22,33,34]. For this reason, the ductility of the samples after 1440 and 2880 min of 
natural re-aging was enhanced (see Fig. 7(a) and 8(c)). 

To investigate the work hardening behavior, the work hardening rate (Θ = dσ/dε) of the samples after different natural re-aging 
times is plotted against true strain (Fig. 11(a–d)). Note that no fitting and smoothing of the curves was performed to observe the 
serrations. The natural re-aging time appears to have a strong impact on the strain-hardening rate of the AA2024 sheet. As seen, the 
strain hardening rate curves demonstrate a steep drop from an initial large hardening rate due to the elastic-plastic transition. Portevin- 
Le Chatelier instability led to very sharp fluctuations in the work hardening rate curve. It is clear that the Portevin-Le Chatelier 
instability decreases drastically with increasing natural re-aging time, which can have a positive effect on the ductility and toughness 
of the AA2024 alloy. This is in accordance with the findings reported by Lee et al. [35]. As seen in Fig. 11(d), the work hardening curve 
of the as-quenched sheet lies at the lower left corner and is indicative of lower strain hardening capability. At the natural re-aging of 
2880 min, the strain hardening curve shifts right and upwards indicating an enhancement in work hardening behavior at the longer 
aging time. In other words, with increasing the natural re-aging time, the strain hardening rate of the AA2024 sheet is increased. The 
large work hardening rate after the natural re-aging time of 1440 and 2880 min can be explained by a large number of coherent and 
semi-coherent precipitates that interact with dislocations as reported by Liu et al. [36]. Consequently, the capacity of dislocations to be 
accumulated in the interior of alpha grains is enhanced, resulting in high ductility. It can be concluded that the high work hardening is 
responsible for the increase in ductility and formability of the re-aged samples for 1440 and 2880 min, resulting in improved toughness 
of the AA2024 alloy as displayed in Fig. 8. 

Fig. 12(a–h) depicts the SEM micrographs of fracture morphology of the natural re-aged samples for 0, 240, 960, and 2880 min. The 
fractographic examination of the as-quenched sheet reveals that the fracture surface is covered with dimples and flat surfaces, indi
cating a mixture of ductile and brittle fractures. However, the ductility value of the as-quenched samples was high (31.1%). Certainly, 
with this high amount of ductility, the fracture surface should not show flat surfaces. The presence of flat surfaces on the fracture 

Fig. 10. (a) Average amplitude and (b) critical strain of stress drop of all samples.  
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surface of the as-quenched alloy can be attributed to the occurrence of severe serrations during the tensile deformation. With 
increasing the natural re-aging time to 240 min, the fraction of flat surfaces is decreased and the fraction of dimples is increased. 
Considering the lower ductility of the re-aged sample for 240 min (24.2%) compared to the as-quenched sample, it was expected that 
flat surfaces would be more in the re-aged sample for 240 min. This contradiction is related to the weakening of the Portevin Le- 
Chatelier effect in the re-aged sample for 240 min as displayed in Figs. 9 and 10. An important point in the fracture surfaces of the 
re-aged sheets for 0 and 240 min is that very few Al7Cu2Fe particles are visible. This result can be related to the lack of an effective load 
transfer mechanism caused by Portevin Le-Chatelier instability. In other words, more Portevin Le-Chatelier instability causes the 
formation of more flat surfaces and as a result more brittle fracture of the aluminum matrix, and the load transfer mechanism cannot 
work properly. With further increasing the natural re-aging time to 960 min, the fracture surface appearance is predominately ductile 
with the formation of many dimples. After natural re-aging for 960 min, the number of dimples is remarkably increased and flat 
surfaces are not observed on the fractographs. As can be seen in Fig. 12(e), the number of Al7Cu2Fe particles visible at the fracture 
surface of the re-aged sample for 960 min increases significantly. Also, most of the Al7Cu2Fe particles have fractured. These results are 
due to effective load transfer from the aluminum matrix to the Al7Cu2Fe particles caused by the significant weakening of the Portevin 
Le-Chatelier instability. Finally, by increasing the re-aging time to 2880 min, the number of dimples is increased again, which is 
indicative of large plastic deformation before failure (ductility of 28.9% without Portevin Le-Chatelier instability). As can be observed 
in Fig. 12(h), the size of the dimples decreases in the re-aged sample for 2880 min and parts of the fracture surface include very fine 
dimples as indicated by orange arrows. Also, there are very small precipitates at the bottom of some dimples as displayed by yellow 
arrows in Fig. 12(h). The remarkable increase in the tensile strength of the re-aged sample for 960 and 2880 min can be also related to 
the effective load-bearing hardening (direct strengthening), which causes a proper load transfer from soft aluminum to hard Al7Cu2Fe 
particles. It can be concluded that the strengthening of the natural re-aged sample for 2880 min is a result of a synergistic effect of 
precipitation hardening due to the formation of θ′′, S″, θ′, and S′ phases, suppression of Portevin Le-Chatelier instability, and highly 
efficient load transfer from alpha-aluminum to Al7Cu2Fe. 

Fig. 11. Work hardening rate (Θ = dσ/dε) of the sheets after (a) 0, 10, 30, (b) 60, 120, 240, (c) 960, 1440, 2880, (d) 0, 240, 2880 min of natural re- 
aging time. 
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Based on the results obtained from this research, the AA2024 sheet produced by natural re-aging showed excellent strength and 
ductility. In order to use the alloy produced by natural re-aging (for 1440 or 2880 min), two methods are proposed, which can be seen 
in Fig. 13. In the first method, the T351 process in the AA2024 sheet production factory and natural re-aging treatment should be 
conducted in the factory of the finished product (the product in the last stage of manufacturing company’s product process). Therefore, 
during the transportation of the AA2024 sheets from the sheet production factory to the final product factory, there is no need to keep 
the sheets in cryogenic conditions. But in the second method, both steps must be performed at the AA2024 sheet production factory. As 

Fig. 12. Fracture surfaces of the natural re-aged sheets for (a,b) 0, (c,d) 240, (e,f) 960, and (g,h) 2880 min.  

Fig. 13. Two proposed processes with natural re-aging.  
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a result, during the transportation of the sheets from the sheet production factory to the final product factory, the re-aged AA2024 
sheets must be in a cryogenic condition because further natural re-aging is inevitable. 

4. Conclusion  

1. Grain growth occurred in the microstructures of the natural re-aged sample and a large number of Al7Cu2Fe particles were located 
inside the alpha grains.  

2. At the re-aging time of 1440 min, the peaks of XRD were shifted strongly to the right due to the formation of θ′′, S″, θ′, and S′. The 
precipitation rate was high in the AA2024 alloy during natural aging. With increasing the re-aging time, texture parameters 
remained almost unchanged.  

3. The hardness increased slowly within the first 60 min, then enhanced rapidly between 60 and 2880 min, and finally became stable 
at around 139 HV between 2880 and 11520 min.  

4. When the natural re-aging time increased from 240 to 2880 min, the strengthening trended speed up, viz, the yield strength 
increased from 226.6 to 357.3 MPa, and the ultimate tensile strength enhanced from 452.2 to 535.5 MPa.  

5. Compared to the as-received sample (T351 temper), the tensile strength of the re-aged sheet improved from 455.5 to 535.5 MPa, 
the ductility remained unchanged, and the hardness increased from 128.8 to 138.2 HV, which was owing to the acceleration of the 
precipitation caused by the presence of high-content Al7Cu2Fe particles in the interior of the alpha-aluminum grains in the natural 
re-aged sample.  

6. The Portevin-Le Chatelier instability of AA2024 alloy was effectively postponed after natural re-aging. With increasing the natural 
re-aging time, the work hardening rate of the AA2024 alloy increased.  

7. The strengthening of the natural re-aged sample for 2880 min was a result of a synergistic effect of precipitation hardening due to 
the formation of precipitates, elimination of Portevin Le-Chatelier instability, and highly efficient load transfer from alpha- 
aluminum to Al7Cu2Fe.  

8. To use the AA2024 alloy produced by natural re-aging for 1440 or 2880 min, two methods were proposed. 
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