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Abstract 

Warm forming is a very interesting solution to improve formability and reduce springback. Natural 

aging is an open issue for heat treatable aluminum alloys, since it causes variability in sheet metal 

forming operations, namely in the parts shape, as well as in-service behavior. Therefore, this work 

aims to study the contribution of warm forming to minimize the variability caused by natural aging 

and reduce the springback in sheet metal forming operations. The thermo-mechanical behavior 

of two Al-Mg-Si alloys, EN AW 6016-T4 and EN AW 6061-T6, is studied in function of temperature 

(from 22 to 300°C) using uniaxial tensile tests, cylindrical cup tests and split ring (springback) 

tests. Moreover, for the EN AW 6016-T4, the study was also performed in function of the storage 

time (from 1 to 18 months). At 22°C, the increase of the storage time leads to a clear increase of 

the yield stress and of the work hardening and, consequently, of the springback. Warm forming 

at temperatures between 200 and 250°C, using a short exposure time, reduces the yield stress 

and the work hardening and, consequently, springback for both alloys. Moreover, the effect of 

natural aging is minimized. Thus, warm conditions can be used as an effective solution to 

minimize the variability caused by the natural aging and reduce the springback in forming 

operations of heat treatable aluminum alloys. 
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1 Introduction 

The increasing demand for aluminum alloys in the automotive sector is linked with their good 

strength-to-weight ratio, leading to lower weight and consequent emissions reduction during 

vehicles life cycle [1]. However, when compared with conventional steels, the aluminum alloys 

present lower formability and higher springback. Warm forming has been used as a solution to 

improve formability of non-heat and heat treatable aluminum alloys [2, 3]. Moreover, warm forming 

has been also reported as a solution to reduce springback of non-heat treatable alloys [4, 5], but 

the influence of warm forming in springback of heat treatable alloys has not been previously 

studied.  

Heat treatable aluminum alloys have the advantage of changing their ductility and strength in 

function of heat treatment conditions [6]. Ductility is required for sheet metal forming operations 

while strength is required for in-service behavior. The heat treatment consists of solution heat 

treatment (SHT) followed by the rapid quenching until room temperature (RT) (as-quenched state) 

and, subsequent precipitation hardening. The SHT dissolves the alloying elements in the 

aluminum matrix, while the rapid quenching to RT creates a metastable equilibrium due to the 

supersaturation of the alloying elements at RT. This metastable equilibrium is the driving force for 

precipitation (aging). In the present study, the heat treatable Al-Mg-Si alloys (6xxx series) were 

selected since they are highly demanded by the automotive industry. In these alloys, precipitation 

occurs by diffusion mainly assisted by “quenched-in vacancies”, since Mg and Si are substitutional 

elements in the aluminum matrix. Natural aging refers to the precipitation that occurs at RT during 

storage time. Artificial aging refers to a subsequent heating stage, at a temperature range 

between 170 and 200 °C, which is required to obtain the maximal strength. 

The natural aging is a spontaneous phenomenon that depends of the storage time at RT. For 

example, in the stretch forming of an aircraft skin, Suri et al. [7] concluded that natural aging can 

lead to 23% of strain variation and 9% of thickness variation. In fact, natural aging increases the 

yield stress and of the work hardening [8, 9], which are the most influential parameters in 

springback and thinning variability, respectively [10]. Moreover, in 7xxx series the orthotropic 

behavior changes from in-plane isotropic behavior, in the as-quenched state, to in-plane 

anisotropy, during the first 15 min of natural aging [9]. However, after this abrupt change, the 
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degree of anisotropy appears to remain constant. Regarding the formability, Prillhofer et al. [11] 

studied four different Al-Mg-Si alloys concluding that the forming limit curves and the bendability 

slightly decrease due to natural aging. Thus, sheet metal forming of heat treatable alloys poses 

an additional difficulty connected with the variability of their mechanical behavior due to the natural 

aging, which can lead to the lack of dimensional accuracy in the production lines [7, 11]. 

Some solutions were proposed in the literature aiming to avoid the natural aging after as-

quenched state, which contributes to decrease the peak strength obtained after artificial aging. 

These solutions are: interrupted quenching [12], pre-aging [12, 13], pre-strain [13, 14], and pre-

strain followed by pre-aging [13]. These methods promote the formation of Mg-Si clusters, which 

reduce the supersaturation of alloying elements and the number of “quenched-in vacancies” [12]. 

However, none of these methods can definitely suppress the natural aging. In fact, they can only 

stabilize natural aging during reduced time spans (up to few days), which is not enough for 

industrial practice, where the time span between as-quenched state and sheet metal forming can 

be delayed from several weeks up to a few months [14]. Thus, Suri et al. [7] proposed the 

standardization of the storage time to control the material properties at the forming instant. 

Recently, Werinos et al. [15] shown that the addition of Sn in the composition of Al-Mg-Si alloys 

traps the quenched-in vacancies essential for diffusion and allows the temporary suppression of 

natural aging, up to a maximum of 6 months.  

The study of Al-Mg-Si alloys with different compositions using differential scanning calorimetry 

analysis shows that the natural aging clusters dissolve in a temperature range between 200 and 

250 °C [13]. Similar conclusions were reported Pogatscher et al. [16] by hardness data analysis. 

Additionally, the temperature increase contributes to minimizing the interactions between natural 

aging clusters and dislocations, improving the dislocation motion. Both mechanisms, the 

dissolution of natural aging clusters and the improvement of the dislocation motion, are expected 

to minimize the natural aging effect at the warm forming condition, for this temperature range. 

Nevertheless, for Al-Mg-Si alloys, the warm forming above 200°C can be counterproductive for 

the post forming properties, since it can lead to the decrease of the strength required for in-service 

behavior [17]. In fact, warm forming of heat treatable alloys requires an improved knowledge of 

the interaction between precipitation kinetics and temperature, exposure time and degree of 

deformation [18]. According to Ghosh et al. [19] and Kumar et al. [18], a reduced exposure time 
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is an effective means to minimize the occurrence of counterproductive precipitation during warm 

forming processes. In fact, the warm forming of an 7xxx-high strength aluminum at 170°C with 

just one or two minutes of process time has almost no impact on its strength [20]. Thus, in order 

to minimize the heat treatment change, in the present work the total exposure time (heating and 

forming time) of the material at warm forming temperature was always inferior to 2 min.  

In this context, the present work aims to improve knowledge concerning the influence of warm 

forming conditions on the springback behavior of two Al-Mg-Si alloys. The influence of natural 

aging in their mechanical behavior is analyzed, particularly the potential of using warm forming 

conditions to reduce variability in sheet metal forming operations, namely in springback. The 

identification of natural aging precipitates is extremely difficult due to its nanometer size, 

particularly for Al-Mg-Si alloys [21]. Thus, the influence of natural aging was studied following a 

macroscopic approach, using uniaxial tensile tests, cylindrical cup tests and the split ring tests.  

2 Materials  

The two alloys selected for this study are the EN AW 6016-T4 and the EN AW 6061-T6, which 

are commonly used for skin applications and for structural components in the automotive industry, 

respectively. The designation T4 indicates solution heat treated and naturally aged to a 

substantially stable condition, while the designation T6 indicates solution heat treated followed by 

artificial aging. The mechanical properties of both alloys and the thickness are presented in Table 

1. The terms and definitions used throughout this work are according to ISO 6892-1:2009 [22] 

(i.e. 𝑅𝑚 tensile strength; 𝑅𝑝0.2 proof strength at 0.2% of the extensometer gauge length; 𝐴𝑔 

percentage of non-proportional elongation at maximum force). Table 2 presents the mass fraction 

of the main alloying elements (in percent composition by mass, wt.%) for each of the alloys under 

study. 

The differences in the mechanical behavior of both alloys are mainly linked with the heat 

treatments, since the T4 heat treatment is used to attain higher ductility, while the T6 heat 

treatment is used to attain higher the strength. In fact, a previous study shows that both alloys 

present similar thermo-mechanical behavior for the same heat treatment condition [23]. Since 

warm conditions can promote a change of the heat treatment conditions, using alloys with different 

heat treatments provides a reference to evaluate the occurrence of microstructural changes. 
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Finally, the study of both alloys also provides a complete understanding of the springback 

behavior of heat treatable alloys under warm forming conditions.  

The EN AW 6016-T4 alloy was provided by Constellium and the date of the SHT is known; 

therefore, its storage time at RT is counted after the date of the SHT. The EN AW 6061-T6 alloy 

was acquired in the retail market and the date of SHT and T6 heat treatment is unknown; 

therefore, its storage time at RT is counted after its reception in the laboratory. Prillhofer et al. [11] 

analyzed the natural aging of four Al-Mg-Si alloys in T4 and T6 condition, concluding that natural 

aging is susceptible to occurs for both heat treatments. Therefore, the influence of natural aging 

in the thermo-mechanical behavior during the study period is evaluated for both alloys. 

 𝑹𝒑𝟎.𝟐 𝑹𝒎 𝑨𝒈 Thickness 

EN AW 6016-T4 88 MPa 198 MPa 24.6 % 1.05 mm 

EN AW 6061-T6 ≈275 MPa ≈310 MPa ≈10 % 0.98 mm 
 

Table 1 – Mechanical properties of the EN AW 6016-T4 alloy at 4 days of maturation (supplier results) 
and of the EN AW 6061-T6 alloy [24]. The thickness presented corresponds to the average value obtained 
with fifty measurements. 

 

 Si Mg Cu Fe Mn Mg+Si+Cu Mg/Si 

EN AW 6016-T4 0.91 0.41 0.10 0.255 0.17 1.42 0.45 

EN AW 6061-T6 0.4-0.8 0.8-1.2 0.15-0.4 <0.70 <0.40 1.35-2.4 1.0-3.0 
 

Table 2 – Chemical composition, in percent composition by mass (wt.%), of the EN AW 6016-T4 (supplier 
results) and the EN AW 6061-T6 [25] alloys. 

 

3 Thermo-mechanical characterization  

3.1 Experimental procedure 

The thermo-mechanical behavior was evaluated performing uniaxial tensile tests in a Gleeble 

3500 device, being the strain fields acquired using digital image correlation (system ARAMIS 4M 

– GOM) and the temperature with type K thermocouples welded on the specimen surface. A 

detailed description of the test procedure adopted is presented in [26]. The tensile tests were 

performed at RT (≈22), 100, 150, 200 and 300°C, considering an imposed initial strain rate of ≈ 

2x10-3s-1. The in-plane anisotropic behavior and the natural aging effect were studied from RT up 

to 200°C, using specimens cut along three different directions in the sheet plane: 0, 45 and 90°, 
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with the rolling direction (RD). The heating time is fixed to 20 seconds in order to minimize 

microstructural modifications while assuring that the required temperature in the specimen center 

is achieved. A minimum of two tensile tests was performed for each test condition. The 

reproducibility was confirmed by the average scatter of the true stress, which was less than 

±1MPa for the same true strain value. Therefore, only one representative test is presented for 

each condition. The tensile test results are presented as true stress – true strain plotted until the 

maximum load. 

3.2 Results analysis and discussion 

3.2.1 The hardening behavior 

The true stress – true strain curves are presented in Figure 1 a) and b) for the EN AW 6016-T4 

and EN AW 6061-T6 alloys, respectively. The results show that for the EN AW 6016-T4 alloy a 

noteworthy variation of the mechanical properties due to the storage time is observed, while it is 

negligible for the EN AW 6061-T6 alloy. The dependence of the material behavior to temperature 

is similar for both alloys, i.e. as the temperature increases the flow stress decreases resulting in 

lower values of 𝑅𝑝0.2 and 𝑅𝑚, in agreement with [23, 27]. However, for the same temperature, the 

mechanical behavior of both alloys is distinct. In fact, the EN AW 6061-T6 alloy presents always 

a higher strength and a lower true strain value than the EN AW 6016-T4 alloy.  

Concerning the EN AW 6016-T4 alloy (see Figure 1 a)), the natural aging leads to an increase of 

the material strength, introducing also a variation of the work hardening behavior. Comparing the 

stress-strain curves at 1 and 7 months of natural aging, the difference in stress values for the 

same strain value reduces with the increase of temperature. At RT, the increase of storage time 

leads to the increase of the 𝑅𝑝0.2 value and a slight increase of the work hardening rate. At 200 

°C the natural aging effect is still observed by the increase of the 𝑅𝑝0.2 value, but it leads to a 

decrease of the work hardening rate. In fact, at 200 °C for strain values higher than 10%, the 

stress-strain curves of 1 and 7 months aged specimens present a similar hardening behavior with 

approximately the same 𝑅𝑚 value. This may be linked with the dissolution of Mg-Si co-clusters 

that occurs for the temperature range from 200 °C to 250 °C, as reported in previous studies [13, 

16]. At 200 ºC, the time necessary to attain a strain of 10% is 40 seconds. Taking into account 
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the heating time of 20 seconds, the analysis of the stress-strain curves indicates that the time to 

dissolve natural aging Mg-Si co-clusters is about 60 seconds.  

 

a) EN AW 6016-T4 

 

b) EN AW 6061-T6 

Figure 1 – Influence of the natural aging on the true stress – true strain curves obtained from uniaxial 
tensile tests performed at different temperatures, for specimens oriented along the RD at 1 and 7 months 
of storage time. The 1 month aged material is shown by the solid line and the 7 months by the dashed 
line. 

 

The percentage of total elongation as a function of the temperature is presented in Figure 2. The 

total elongation is the sum of the elastic and the plastic one [22], and its analysis is performed at 
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maximum force (𝐴𝑔𝑡) and at fracture (𝐴𝑡). The 𝐴𝑡 values corresponds to the first strain value (after 

the 𝐴𝑔𝑡) with a stress value (𝜎𝐴𝑡) that complies with the requirement: 𝜎𝐴𝑡 ≈ 0.9𝑅𝑚. The values 

reported in Figure 2 correspond to the average of the several uniaxial tensile tests performed, 

including all the in-plane orientations (0, 45, 90°) to the RD. Thus, the error bars present the global 

minimum and maximum values obtained, with the black color associated to the 7 months tests.  

 

Figure 2 – Evolution of the percentage of total elongation at maximum force (𝐴𝑔𝑡) and at fracture (𝐴𝑡) in 

function of  temperature The error bars show the minimum and maximum values obtained for all the tests 
performed (0, 45, 90° to the RD), with the black color associated to the 7 months tests. 

 

Figure 2 shows that, for both alloys and whatever the temperature, the 7 months aged specimens 

presents a slightly lower elongation value at 𝐴𝑔𝑡 and 𝐴𝑡 than the 1 month ones. Concerning the 

temperature influence between RT and 200 °C, the 𝐴𝑡 value increases with temperature, 

presenting an increase greater than 10%, for both alloys. On the other hand, the 𝐴𝑔𝑡 value remains 

almost constant, for the EN AW 6016-T4, or even decreases, for the EN AW 6061-T6 alloy. 

Moreover, in a temperature range from 200 to 300 °C, the 𝐴𝑔𝑡 values present an abrupt decrease 

for both alloys, while the 𝐴𝑡 values keeps increasing. It denotes that, the ductility enhancement at 

elevated temperatures is achieved primarily by the post-uniform elongation (i.e. the diffuse 

necking, the strain difference between the on-set of necking, 𝐴𝑔𝑡, and 𝐴𝑡) which becomes 

dominant at elevated temperatures [3]. This behavior is similar to the one previously reported in 

[28, 29] but in that case for Al-Mg alloys, where it was stated that this overall increase of ductility 

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350

E
lo

n
g

a
ti

o
n

 [
%

]

Temperature [ºC]

1 month

7 months

At

Agt

6016-T4

6061-T6



The influence of warm forming in natural aging and springback of Al-Mg-Si alloys 

Page 9 of 27 
 

should be advantageous, since the industrial criterion for a successful sheet metal forming part 

only requires neither a severe thinning nor a crack in the part. 

3.2.2 Strength evolution as a function of the storage time for the EN AW 6016-T4 alloy 

As previously shown in Figure 1, the influence of the storage time in the variation of the material 

behavior is relevant only for the EN AW 6016-T4 alloy and at RT. In literature, the most reported 

influence of natural aging is the material strength increase in function of storage time. According 

to Esmaeili and Lloyd [30] and Hirth et al. [31], the material strength evolution follows a linear 

relationship with the logarithm of storage time, as follows: 

𝑅𝑡𝑁𝐴 = 𝑘log(𝑡𝑁𝐴) + 𝑅𝑖, (1) 

where 𝑅𝑡𝑁𝐴 is the yield stress, 𝑡𝑁𝐴 is the storage time, 𝑘 is the natural aging kinetics parameter 

and 𝑅𝑖 represents the initial yield stress of the alloy, measured after quenching and storage at RT 

for ≈1 h. Thus, the determination of the natural aging kinetics parameter enables the prediction of 

the strength increase. In the present study, 𝑘 was determined equal to 19.7 considering the 𝑅𝑖 

value of 88 MPa, obtained after 4 days of natural aging (see Table 1). 

The analysis of natural aging kinetics for the EN AW 6016-T4 is presented in Figure 3, considering 

a summary of the results collected from literature and the ones of the present study. The stress 

evolution is correlated with the storage time, according to Equation 1. The goal is to present a 

range for the yield stress evolution and better understand the natural aging kinetics. According to 

Equation 1, Figure 3 traduces the linear increase of the stress value in function of the logarithm 

of the storage time. Nonetheless, a high scatter of the yield stress values is observed for the same 

storage time, which disables any prediction of this value in function of the natural aging based on 

literature results. In accordance with previous studies [30–32], this high scatter can be related to 

slight differences in the chemical composition. Hirth et al. [31] and Esmaeili and Lloyd [30] showed 

that increasing the Si content (within standards chemical composition limits) promotes the 

increase of the initial yield while the natural aging kinetics remains unaltered. Nevertheless, the 

natural aging kinetics depends more on the Mg+Si content than on the Mg/Si ratio [32]. Moreover, 

Ding et al. [32] and Esmaeili and Lloyd [30] also showed that increasing the Cu content is linked 

with the increase of natural aging kinetics, while it also promotes a decrease of the initial yield 

stress. Therefore, in the present work the amount of Mg+Si+Cu was adopted as reference (see 
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Table 2), since alloys with a higher content of these alloying elements are more saturated, and 

therefore, the driving force for precipitation is higher. 

 

 

 [30] 

 [30] 

 [14] 

 [31] 

  [31] 

  [11] 

  our results 

Figure 3 – The stress evolution as function of the storage time (𝑡𝑁𝐴) in logarithmic scale, according to 

Equation 1, for the EN AW 6016-T4 alloy. The results found in literature are presented with the ones of the 
present study in order to better understand the natural aging kinetics. 

 

In this context, it was decided to divide the literature results presented in Figure 3 into two groups: 

(i) the group of alloys where Mg+Si+Cu < 1.5 [wt.%] (in green) and (ii) the group where Mg+Si+Cu 

≥ 1.5 [wt.%] (in red). The alloy considered in this study presents an amount of Mg+Si+Cu = 1.42 

[wt.%] (see Table 2) and, its natural aging behavior is, in fact, similar to the other alloys located 

in the green region of Figure 3. However, the natural aging kinetics parameter also varies with 

the storage time as indicated in Figure 3 by the change of slope for the green region. In fact, 

recent studies reported the existence of five different natural aging stages in Al-Mg-Si alloys, each 

one with its own kinetics [15, 33]. Therefore, the natural aging kinetics parameter is valid only 

within a limited storage time range [31]. This highlights that Equation 1 is not applicable for very 

short or very long natural aging times, since the natural aging kinetics and magnitude of strength 

increase seem dependent of storage temperature, chemical composition and degree of 

supersaturation [15]. Therefore, it is dangerous to extrapolate the behavior predicted by Equation 
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3.2.3 The orthotropic behavior 

This section studies the in-plane anisotropic behavior of both alloys in function of temperature 

and storage time. Figure 4 presents the true stress – true strain curves obtained after 1 month of 

storage time for the three in-plane directions, 0, 45 and 90° to the RD, in a temperature range 

between RT and 200 °C, for both alloys. Globally, both alloys present a small variation of the flow 

stress in the sheet plane, particularly the EN AW 6061-T6 alloy. The EN AW 6016-T4 alloy shows 

a slightly higher flow stress at the RD, whatever the temperature. Although not shown here, the 

tensile tests performed for the EN AW 6016-T4 alloy after 7 months of storage also reveal a 

negligible anisotropy of the flow stress, i.e. the trend between the different directions remains the 

same.  

 

Figure 4 – Influence of temperature and orientation to RD on the true stress – strain curves, performed 
from RT to 200 °C; at 0, 45, 90° to RD. Tests performed at 1 month of storage time. 
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and 𝜀𝑧𝑧
𝑝

, considering the test results up to the 𝑅𝑚 point. The planar anisotropy coefficient (𝛥𝑟) is 

calculated by: Δr = (𝑟0 − 2𝑟45 + 𝑟90) 2⁄ , and the normal anisotropy coefficient (𝑟𝑛), by: 𝑟𝑛 =

(𝑟0 + 2𝑟45 + 𝑟90) 4⁄ . 

The anisotropy coefficients are summarized in Table 3. Globally, their variations with temperature 

and natural aging are subtle. For the EN AW 6016-T4 alloy, the 𝑟𝛼 value is always lower at 45° 

and higher at RD, whatever the temperature under analysis; while the 𝑟𝑛 value slightly increases 

and the ∆𝑟 value slightly decreases with the increase of the temperature, as previously observed 

[19]. Moreover, although the trend for the 𝑟𝛼 values remains unaltered throughout the natural 

aging, natural aging contributes to the increase of the ∆𝑟 value, whatever the temperature. A 

similar anisotropic behavior at RT was observed for the EN AW 7075 alloy for a prolonged natural 

aging [9]. For the EN AW 6061-T6 alloy, the 𝑟𝛼 value is lower at 90° and higher at RD, whatever 

the temperature under analysis; while the 𝑟𝑛 value remains constant and the ∆𝑟 value slightly 

decreases with the temperature increase. The increase of the 𝑟𝑛 value with the increase of 

temperature represents an advantage, since it contributes to reduce the thinning problems during 

sheet metal forming. The reduction of the ∆𝑟 value indicates a trend to a more transverse isotropic 

behavior promoted by the temperature increase, which is also positive in sheet metal forming. In 

brief, the degree of anisotropy remains constant, independently of the storage time, temperature 

or their combined influence. 

  EN AW 6016-T4 EN AW 6061-T6 

    𝑟0 𝑟45 𝑟90 𝑟𝑛 ∆𝑟 𝑟0 𝑟45 𝑟90 𝑟𝑛 ∆𝑟 

1 month 

RT 0.672 0.585 0.617 0.615 0.030 0.712 0.565 0.548 0.587 0.022 

100 0.665 0.594 0.634 0.622 0.028 0.723 0.572 0.562 0.607 0.035 

150 0.668 0.594 0.639 0.623 0.030 0.656 0.579 0.533 0.587 0.008 

200 0.676 0.611 0.626 0.631 0.020 0.682 0.597 0.548 0.606 0.009 

300 0.675 – – – – 0.697 – – – – 

7 months 

RT 0.664 0.577 0.642 0.615 0.038 0.677 – – – – 

100 0.683 0.587 0.649 0.627 0.040 – – – – – 

150 0.672 0.586 0.641 0.621 0.036 – – – – – 

200 0.678 0.609 0.639 0.634 0.025 0.686 – – – – 
 

Table 3 –Average values of the anisotropy coefficients obtained for the EN AW 6016-T4 and the EN AW 

6061-T6 alloys, at 0, 45, 90° to RD, normal (𝑟𝑛) and planar anisotropy coefficient (Δr). 
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4 Warm forming of a cylindrical cup 

The cylindrical cup forming and the springback evaluation allow a better understanding of the 

alloys thermo-mechanical behavior. Since only the EN AW 6016-T4 alloy is sensible to natural 

aging, the impact of warm forming was studied considering 1 and 18 months of storage time. 

Regarding the EN AW 6061-T6 alloy, the tests were performed only for 18 months. 

4.1 Experimental procedure 

The cylindrical cup benchmark tests were performed in a Zwick BUP200 machine, adapted with 

specific tools for warm forming. This dispositive was previously used to study the AA5754-O alloy 

[34, 35]. Before the forming process, a circular blank with 60 mm of diameter is cut out from the 

initial sheet by squaring shear in the Zwick BUP200, using a specific blade tool. To fully deep 

draw the cylindrical cup four tools were used: die, blank-holder, punch and ejector, as presented 

in Figure 5. The dimensions of the tools are also presented in Figure 5 a). All tests were performed 

with a standard clamping force of 6 kN and a punch speed of 1 mm/s. During each test, the punch 

force and displacement, the blank-holder force and the temperature were acquired in function of 

time. A minimum of three reproducible tests was performed for each condition under analysis. 

Their reproducibility was confirmed by the average scatter of the punch force, which was less 

than ±0.1kN for the same displacement. Therefore, only one representative test is presented for 

each condition. 

The procedure used to fully deep draw the cylindrical cup is presented in Figure 5 b) to e). Figure 

5 b) shows the tools in the initial position, with the blank-holder clamping the sheet against the 

die. However, in the warm forming tests it is necessary to pre-heat the tools and the blank. In this 

heating step, the die and the blank-holder were heated to the test desired temperature by internal 

electrical heating rods; while the punch was refrigerated to keep its temperature close to RT. 

When the die and the blank-holder attain the desired temperature, the blank (lubricated with a 

high-temperature aerosol grease 95cSt [36]) was positioned in the blank-holder. The blank is not 

heated at the same time that the tools, in order to reduce its heating time and, consequently, 

avoid microstructural modification induced by a prolonged heating stage. Due to the contact with 

the heated blank-holder, the blank (at RT) takes approximately 60 seconds to attain the blank-

holder temperature. Once the blank, the die and the blank-holder are at the test temperature 
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(within a margin of error less than 2.5%), the blank-holder clamps the sheet against the die. Then, 

the punch was moved into the die’s cavity (Figure 5 c)) to deform the blank to its final shape 

(Figure 5 d)). At the end of the drawing process the punch stops. Finally, the ejector was activated 

to remove the cup from the die’s cavity (Figure 5 e)).  

 
                    a)                                    b)                         c)                       d)                        e) 

Figure 5 – Drawing of a cylindrical cup: a) Tools dimensions (in mm); b) Initial position; c) Cup drawing; 
d) Punch final position; and e) Ejection step. 

 

After the forming operation, the thickness and the cup height were measured using a 3D 

measurement machine “Brown & Sharpe Mfg. Co.” model “MicroXcel PFX-454”. The thickness 

measurements were performed at each 45°, from 0 to 315° to RD (see Figure 6 a)), for each 

drawn cup. The cup height is measured at each 5° along the cup edge (the orange points on 

Figure 6 a)), with the first measurement point at 0° with the RD. In order to minimize the 

measurement errors related with axisymmetric deviations, the thickness and the height of the cup 

are presented as the average of the cup vertical axis symmetries (i.e. the presented 1st quadrant 

from 0 to 90° to RD is an average of the 1st, 2nd, 3th and 4th quadrants). It should be mentioned 

that the accuracy in the thickness measurements depends on: the 3D measurement machine 

accuracy (±3μm), the control of the positioning of the cup on the measurement device (±15μm), 

and of the angular deviations to the RD direction (±5μm) [34]. 

Springback is analyzed using the split ring test, which according to ASTM E2492-07(2012) [37], 

consist on: i) cut a ring from the cup wall (trimming); ii) open the ring along the RD (split ring); and 

iii) measure the ring opening. An electrical discharge machining (EDM) was used to open and cut 

the rings, as also suggested in ASTM E2492-07(2012) [37]. The variation of the ring diameter, 
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before and after splitting, gives an indirect measure of the springback phenomenon and of the 

amount of the circumferential residual stresses present in the formed cup [5]. The ring opening 

was measured using a microscope to assure high measurement accuracy, and the EDM cut 

thickness (0.3 mm) was taken into account in the measured value. 

In the present work, two modifications were made to the standard procedure. The first is related 

to the sequence adopted to cut the ring the from the cup: as shown in Figure 6 b), the cup was 

cut first along the axial direction and only afterward the rings were trimmed (see Figure 6 c)). This 

approach was adopted to avoid the presence of any burrs on the split ring surface, which reduce 

the accuracy of the ring-opening measurements. In fact, with the standard procedure ASTM 

E2492-07(2012) [37], during the split ring operation the internal stresses present in the ring 

promote a sudden rupture, leading to a burr. By performing the vertical cut first, a progressive ring 

opening occurs during the trimming operation. It allows a better final surface and therefore 

accurate measurements of the ring-opening are possible. The second modification is related to 

the number of rings extracted from the vertical wall, which in the present case were three, each 

one with 3 mm height, as shown in Figure 6 c). This procedure allows a more detailed analysis of 

the springback behavior, since it was previously shown that the magnitude of the ring opening is 

influenced by its vertical position along the cup wall [38, 39]. 

 
                       a)                                       b)                                                   c) 

Figure 6 – Reference positions in the cylindrical cup for: a) measurements of thickness at each 45°, and 
of cup height at each 5° (the orange points) b) the vertical cut along RD with EDM-wire; and c) ring 
dimensions. 
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distinguished: (i) the drawing and (ii) the ironing. The drawing phase occurs until a punch 

displacement of ≈ 21mm. During this phase, first, the punch force increases rapidly until a 

displacement of ≈11 mm, which corresponds to the instant that the die and the punch shoulder 

radii are completely formed in the part. Afterwards, it decreases until it reaches a local minimum 

at ≈19mm of punch displacement, which is related to the fact that the tool presents no blank-

holder stopper (see Figure 5 a)). This minimum occurs just before the loss of contact between the 

blank and the blank-holder, since at this stage the blank-holder promotes the movement of the 

sheet into the die cavity and, consequently, reduces the punch force. The ironing phase can be 

associated with the increase of the punch force until attaining a local maximum (≈23mm of punch 

displacement), followed by a decrease until the end of the process. Ironing occurs since the gap 

between the punch and the die is not sufficiently large to allow the thicker material to flow. In fact, 

during the drawing phase, the material located in the flange area is submitted to a compression 

stress state in the circumferential direction (to reduce its diameter), which leads to an increase of 

the initial sheet thickness (see Table 1). Since, the material thickness becomes higher than the 

gap between the punch and the die (1.15 mm, see Figure 5 a)), the ironing of the cup wall will 

occur. Usually, the ironing is a process used to produce a more uniform wall thickness and 

increase the cup height [40]. This process is very complex since the cup wall is simultaneously 

stretched along the axial direction and squashed between the punch and the die in the through-

thickness direction. Moreover, the ironing process imposes high contact forces, normal to the 

surface of the punch and the die, which can lead to the occurrence of galling, particularly for 

aluminum alloys in dry contact conditions [34, 41]. 

Globally, the punch force decreases with the temperature increase, correlating with the material 

softening behavior shown in Figure 1. The natural aging effect was evaluated only for the EN AW 

6016-T4 alloy, by performing tests at 1 and 18 months of storage time. The results show an 

increase of the punch force due to the increase of the storage time, which is linked to the natural 

aging strengthening effect (see Figure 1 and Figure 3). However, this increase of the punch force 

due to natural aging becomes negligible as the temperature increases, which is in accordance 

with the results of the tensile tests (see Figure 1). Moreover, as described in Section 3.2.1, in the 

uniaxial tensile test at 200 °C the dissolution of natural aging clusters occurs for a test time of 

about 60 seconds. Therefore, since in the cylindrical cup test the heating phase takes 60 seconds, 
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a significant dissolution of natural aging clusters is expected. This may contribute to minimizing 

the variability in the punch force since the beginning of the drawing test. Lastly, for the same test 

conditions, the maximum punch force attained for the EN AW 6016-T4 alloy is always quite inferior 

to the one obtained for the EN AW 6061-T6 alloy, which confirms that the heating time selected 

avoids the occurrence of heat treatment changes. 

 

a) EN AW 6016-T4 

 

b) EN AW 6061-T6 

Figure 7 – The influence of temperature and natural aging on the punch force evolution as a function of 
the punch displacement. The 1 month aged material is shown by the solid line and the 18 months by the 
dashed line.  
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The percentage variation of the maximum punch force in the drawing and the ironing stage can 

be determined considering the results at RT and at 18 months of storage time as reference. When 

the temperature increases from RT to 250 °C, for the EN AW 6016-T4 alloy, it is observed a 

drawing force reduction of ≈50% and an ironing force reduction of ≈40%; while for the EN AW 

6061-T6 alloy, the drawing and the ironing phase present a similar percentage of punch force 

reduction of ≈40%. In fact, only for the EN AW 6016-T4 alloy the temperature increase seems to 

have a higher impact in the drawing stage than in the ironing one. Regarding the influence of 

natural aging on the punch force for the EN AW 6016-T4 alloy, at RT, 1 month aged specimens 

show a reduction of 8% in the drawing force and of 11% in the ironing force, as compared to the 

18 months aged specimens. 

4.2.2 Cylindrical Cup dimensions 

The thickness evolution along the cup profile and the height are presented in Figure 8 a) and b), 

respectively. Since the thickness variations with the angle to RD are negligible, only the RD is 

presented. The cup height is shown in function of the angle to RD (from 0 to 90° to RD). Due to 

the volume conservation, the average cup height and the thickness distribution can be correlated. 

Globally, a higher cup height occurs associated with a lower average thickness value. 

The thickness evolution along the cup profile is presented as a function of the curvilinear distance 

from the cup center up to its top, see Figure 8 a). Three distinct zones can be identified: cup 

bottom (0 up to 11 mm), punch radius (11 up to 20 mm) and vertical wall (20 mm up to end). The 

two critical points, where the thickness reaches local minima, are at the entrance to the punch 

radius section and the confluence of the punch radius with the cup wall [42]. After that, along the 

cup wall, the thickness increases and attains a constant final value, due to the ironing phase.  

Globally, both alloys present a similar trend on the thickness evolution, which is not affected by 

the temperature or natural aging. The fact that the EN AW 6061-T6 alloy presents lower thickness 

values is linked with its lower average initial value of 0.98mm, while the EN AW 6061-T6 alloy 

has 1.05mm (see Table 1). Between RT and 200 °C, the thickness increases with the increase of 

temperature, stabilizing above 200 °C. The higher variation of the thickness with temperature 

occurs at the cup radius zone. According to Palumbo and Tricarico [43], this can be related with 

the strengthening effect produced by the cooled punch and with the material softening due to the 
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heated peripheral region that reduces the required punch load and, consequently, the stress and 

strains levels on the punch radius section. Additionally, the maximum force attained in the ironing 

phase is lower in the warm forming tests (see Figure 7), as compared to the RT one. The lower 

ironing force in warm forming tests is a consequence of the material thermal softening in the 

heated peripheral region, but it is also related with the thermal dilation of the die/punch and the 

consequent increase of the gap between them. In fact, considering that in warm forming 

conditions the temperature distribution in the die/punch is uniform and that there are no 

constraints to its displacement in the radial direction, the die/punch will expand. This increase of 

the gap with the increase of the test temperature is corroborated by the experimental results 

shown in Figure 8 a) and helps to explain why the warm formed cups always present a higher 

thickening. 

The cup height distribution (or ear profile) is a consequence of the material anisotropic behavior. 

However, according to Yoon et al. [40], the ironing phase tends to increase the cup height while 

reducing the earing profile. The shape of the ear profile is similar for both alloys, with maxima at 

RD and 90° to RD, and minimum at 45° to RD and equivalent positions. This is the expected 

behavior for materials presenting Δr > 0 [44] (see Table 3). Temperature or natural aging does 

not affect the shape of the ear profile, confirming their subtle influence in the anisotropic behavior 

(see Section 3.2.3). In fact, a slight decrease of the cylindrical cup ears amplitude (the difference 

between the maximum and minimum height) was noticed with the increase of temperature. This 

is in agreement with the lower value of Δr reported for the tensile tests (see Table 3), as well as 

with other warm forming results [19, 35].  

Concerning the effect of natural aging for the EN AW 6016-T4 alloy, globally the cups obtained 

from 18 months natural aged material are slightly thicker than the ones stored during 1 month, 

particularly for the tests performed at RT, consequently, its height profile is slightly lower. 

According to results obtained with finite element analysis, this seems to be mainly related to the 

increase in the flow stress induced by the natural aging [45]. However, this influence of natural 

aging in the cup thickness and height profile is reduced as the temperature increases, which 

correlates with the results of the tensile tests presented in Figure 1. Lastly, in agreement with the 

slight increase of the Δr value due to natural aging (see Table 3), the amplitude of the cup ears 

is higher for the 18 months aged material, when compared with 1 month. 
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a) cup thickness 

 

b) cup height 

Figure 8 – The influence of temperature and natural aging on the cup dimensions. The 1 month aged 
material is shown by the solid line and the 18 months by the dashed-dot line. 
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opening shows a decreasing value as the distance to the cup bottom increases. This trend occurs 

for both materials tested, at RT and warm forming; therefore, it cannot be assigned to the test 

temperature and the material behavior. It should be mentioned that different trends have been 

reported in the literature, such as the increase of the ring opening with the increase of the distance 

to the cup bottom [38], or the highest ring opening for the one located closer to the middle of the 

vertical wall [39]. The ring opening trend is dictated by the distribution of the residual stresses in 

the cup, which depends on the specific combination of the forming parameters selected to perform 

the deep drawing operation. This includes: the depth and diameter of the cup; the bending radii 

of the tools; the gap between the die and the punch; and the blank-holder force [46]. In the 

particular case under analysis, it is also influenced by the occurrence of the ironing stage, which 

contributes to the reduction of the through-thickness gradient of the circumferential stress 

component, leading to a smaller ring opening, as observed in [47, 48]. 

As shown in Figure 9, the opening of the rings 2 and 3 (Figure 6 c)) decreases linearly as the 

temperature increases, while ring 1 (at the cup top) presents an opening value relatively constant. 

In rings 2 and 3, the springback reduction is attributed to the material softening behavior promoted 

by the temperature increase [5, 49], which reduces the magnitude of the circumferential residual 

stresses in the deep drawn cups and, consequently, the ring opening. The fact that ring 1 presents 

a relatively constant springback value as the temperature increases seems to be connected to 

the ironing stage. Comparing the tests performed at RT with the ones at 250 °C, and considering 

as example ring 2 (at the middle): the EN AW 6016-T4 alloy with 18 months of storage time 

presents a springback decrease of 16%; while the EN AW 6061-T6 alloy presents a decrease of 

26%. In this context, the results are coherent with the fact that the increase of temperature 

presents a stronger effect in the yield stress for the EN AW 6061-T6 alloy (see Figure 1). In fact, 

it is known that for the same Young modulus value, springback increases with the increase of the 

yield stress [4]. Therefore, for the same temperature, the EN AW 6016-T4 alloy always presents 

a lower springback value.  

As shown in Figure 9 a) for the EN AW 6016-T4, the influence of natural aging in the springback 

variability is maximal at RT and decreases as the temperature increases, being negligible from 

200 °C. The springback increases as the storage time increases, which is coherent with the 

variation reported for the yield stress as a function of natural aging (see Figure 3). These results 
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confirm the potential of warm forming to minimize the influence of natural aging on springback 

variability, while also reducing springback. 

 

a) EN AW 6016-T4 

 

b) EN AW 6061-T6 

Figure 9 – The influence of temperature and natural aging on the ring opening  
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5 Conclusions  

Two Al-Mg-Si alloys (EN AW 6016-T4, EN AW 6061-T6) were analyzed using uniaxial tensile 

tests, cylindrical cup deep drawing tests and the split ring (springback) tests. The results show 

that: 

 the mechanical behavior of the EN AW 6016-T4 alloy is strongly influenced by natural 

aging. At RT (from 1 to 18 months), the yield stress and tensile strength increase as the 

storage time increases, which leads to an increase of the maximum drawing forces 

(about 10%) and springback (about 10%).  

 for both alloys, the temperature increase leads to a decrease of the yield stress and the 

work hardening rate. Compared to RT, warm forming reduces the drawing forces, 

indicating the presence of lower internal stress, which leads to lower springback values. 

 the temperature increase leads to an increase of the post-uniform elongation, which is 

higher for the EN AW 6061-T6 alloy than for the EN AW 6016-T4 alloy, although it has a 

small influence in uniform elongation. This increase in ductility is advantageous to 

improve formability in sheet metal forming parts. 

 concerning the orthotropic behavior, the trend does not change due to natural aging or 

temperature increase. However, the planar anisotropy coefficient slightly increases due 

to natural aging and decreases due to the temperature increase.  

 the temperature increase reduces the influence of natural aging in the variations of yield 

stress and tensile strength. Thus, whatever the storage time, in warm forming between 

200 and 250 °C, the drawing force required to produce the cylindrical cups is nearly the 

same, as well as the thickness evolution along the cup, and the springback. However, it 

should be mentioned that a short heating time is required to avoid relevant 

microstructural changes. 

In summary, warm forming contributes to the increase of formability and springback reduction. 

Moreover, the results highlight the potential of warm forming in a temperature range from 200 to 

250 °C as an effective solution to minimize the influence of natural aging in sheet metal forming 

parts variability. From an industrial point of view, warm forming can also be used to reduce the 

variability coming from different batches or different manufacturers. 
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