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The influence of punch speed on warm forming under non-isothermal conditions was analyzed for heat-treatable aluminum alloys.

A higher punch speed minimizes the exposure time and the heat transfer with the tools in warm forming.

Dynamic precipitation (artificial aging) occurs in warm forming at low punch speeds for naturally aged alloys.

Formability and springback remained stable or improved with the increase in punch speed.

Introduction

Current environmental issues demand higher sustainability, namely in the transport sector, which includes the reduction of fuel consumption and its emissions but also the use of recyclable materials. Therefore, the transport sector is examining new materials and manufacturing strategies that make it possible to reduce the weight of the components while increasing their strength and improving the vehicles' safety. The reduction of the weight of vehicles is crucial to reducing fuel consumption and its emissions. Aluminum alloys present good specific strength, high corrosion resistance and a high recycling rate, which has led to an increasing demand for these alloys concerning their application in lightweight vehicles [START_REF] Hirsch | Aluminium in innovative light-weight car design[END_REF]. Within aluminum alloys, the heat-treatable ones provide additional strength, by the precipitation hardening after forming operations, which is an advantage when compared to the non-heattreatable aluminum alloys. Nevertheless, aluminum alloys present low formability and non-negligible springback in forming operations at room temperature (RT).

Warm forming has been shown to be an effective solution to improve formability for both nonheat-treatable and heat-treatable aluminum alloys. A warm temperature, below the recrystallization temperature of the material, increases the ability of the sheet metal to be formed into a desired shape without necking. The research on this topic has a high relevance to industry and has been focused on the: design of warm forming tools [START_REF] Harrison | Warm forming die design, Part III: Design and validation of a warm forming die[END_REF], development of alternative warm forming technologies [START_REF] Pourboghrat | LDR and hydroforming limit for deep drawing of AA5754 aluminum sheet[END_REF], improvement of thermo-mechanical finite element analysis algorithms [START_REF] Harrison | Warm forming die design, part I: Experimental validation of a novel thermal finite element modeling code[END_REF][START_REF] Martins | A new staggered algorithm for thermomechanical coupled problems[END_REF] and characterization and modeling of the mechanical behavior at warm temperatures [START_REF] Laurent | Experimental and numerical studies on the warm deep drawing of an Al-Mg alloy[END_REF][START_REF] Abovyan | Formability prediction of aluminum sheet alloys under isothermal forming conditions[END_REF][START_REF] Neto | Thermo-mechanical finite element analysis of the AA5086 alloy under warm forming conditions[END_REF]. Bolt et al. [START_REF] Bolt | Feasibility of warm drawing of aluminium products[END_REF] compared the warm forming behavior of a non-heat-treatable (Al-Mg) with a heat-treatable alloy (Al-Mg-Si). The results indicate that, although both alloys showed significant improvement in their formability compared with that at RT, the non-heat-treatable alloy provides higher part depths than the heat-treatable one.

Additionally, the studies on the warm forming conditions reported a reduction of the springback behavior for non-heat-treatable alloys, either when using the U-rail test by Moon et al. [START_REF] Moon | Effect of tool temperature on the reduction of the springback of aluminum sheets[END_REF] or the split-ring test by Grèze et al. [START_REF] Grèze | Influence of the temperature on residual stresses and springback effect in an Aluminium alloy[END_REF]. Recently, Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF] have shown that warm conditions also reduce the springback for heat-treatable aluminum alloys, with the additional benefit of minimizing the variability induced by the natural aging in the forming operations of these alloys.

Warm forming can be performed under isothermal or non-isothermal (i.e. with a temperature gradient) conditions. Wilson [START_REF] Wilson | Aluminium versus steel in the family car -the formability factor[END_REF] reviewed the warm forming of aluminum alloys concluding that significant improvements in formability can be attained by reducing the flow strength of the material in the drawing zone, relative to that in the stretch-formed zone by differential heating of the blank. In deep drawing operations, this can be achieved by decreasing the punch temperature relative to that of the die/blank-holder. Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF] adopted this approach to study a non-heat-treatable Al-Mg alloy (EN AW 5754). They explain that the cooling action exerted by the punch and the softening of the material at the heated flange leads to a reduction in the punch load and, consequently, to lower stress and strain levels in the punch radius section. Thus, as shown by Panicker et al. [START_REF] Panicker | Characterization of Tensile Properties, Limiting Strains, and Deep Drawing Behavior of AA5754-H22 Sheet at Elevated Temperature[END_REF] for the same alloy, the non-isothermal warm forming is more effective in avoiding excessive thinning than isothermal warm forming. On the contrary, Li and Ghosh [START_REF] Li | Biaxial warm forming behavior of aluminum sheet alloys[END_REF] have shown that increasing the punch temperature, relative to the one of the die/blank-holder, leads to an increase in the ratio of the material being stretched over the punch relative to the material being drawn into the die.

The punch speed is an important process parameter in warm forming since it influences the productivity. It is commonly accepted that the flow stress of aluminum alloys increases for higher forming rates, particularly at higher temperatures Li and Ghosh [START_REF] Li | Tensile deformation behavior of aluminum alloys at warm forming temperatures[END_REF]. This positive strain-rate sensitivity counterbalances the decrease in the flow stress for higher temperatures. Shehata et al. [START_REF] Shehata | Warm forming of aluminium/magnesium alloy sheet[END_REF] and Ayres and Wenner [START_REF] Ayres | Strain and strain-rate hardening effects in punch stretching of 5182-0 aluminum at elevated temperatures[END_REF] studied the influence of the punch speed in warm forming with a hemispherical punch, for non-heat-treatable Al-Mg alloys, under isothermal conditions. Shehata et al. [START_REF] Shehata | Warm forming of aluminium/magnesium alloy sheet[END_REF] concluded that the influence of the punch speed may not be critical in the range from 0.02 to 0.42 millimeters per second (mm•s -1 ). However, Ayres and Wenner [START_REF] Ayres | Strain and strain-rate hardening effects in punch stretching of 5182-0 aluminum at elevated temperatures[END_REF] showed that formability decreases as the punch speed increases in the range from 0.83 to 83.33 mm•s -1 .

Under non-isothermal conditions, the temperature gradient is largely determined by the punch speed. In fact, higher punch speeds lead to a lower exposure time and, consequently, minimize the heat transfer between the tools and the blank. Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF] analyzed the influence of the punch speed (range from 0.10 to 0.25 mm•s -1 ) on the evolution of the temperature difference between the peripheral zone of the blank (flange heated zone at 200 °C) and the blank center (cold punch zone at RT) in the forming of a cylindrical cup. It was shown that the temperature difference in the blank between the flange heated zone and the center progressively increases during the forming process since the contact area of the blank with the cooled punch increases while its flange is kept heated. This temperature difference slightly decreases with the increase in the punch speed resulting in lower formability. Naka and Yoshida [START_REF] Naka | Deep drawability of type 5083 aluminium-magnesium alloy sheet under various conditions of temperature and forming speed[END_REF] analyzed the influence of the punch speed (from 0.003 to 8. 33 mm•s -1 ) for temperatures between RT and 180 °C for the EN AW 5083 alloy, concluding that for values lower than ≈2.00 mm•s -1 the changes in the limiting drawing ratio are negligible. Whatever the temperature gradient considered, the studies for non-heat-treatable aluminum alloys state that the formability decreases as the punch speed increases.

On the other hand, Ghosh et al. [START_REF] Ghosh | Warm deep-drawing and post drawing analysis of two Al-Mg-Si alloys[END_REF] studied the influence of the punch speed during warm forming at 250 °C of two heat-treatable Al-Mg-Si alloys. From 1.00 to 2.00 mm•s -1 , the punch speed had no effect on the force -displacement curve. However, the punch force presents a relevant increase for a sufficiently lower (i.e. 0.183 mm•s -1 ) punch speed, since the initial soft material gradually becomes harder and approaches the T6 condition (i.e. a change of the initial heat treatment occurs as a result of the longer exposure time at 250 °C). In this context, Palumbo et al. [START_REF] Palumbo | Warm HydroForming of the heat treatable aluminium alloy AC170PX[END_REF] studied the influence of the pressure rate during the warm hydroforming of an Al-Mg-Si alloy, in a temperature range from RT to 350 °C. The best improvement in formability was achieved at 200 °C using the higher pressure rate of 25 bar•s -1 , to minimize the exposure to the temperature employed. For an exposure time longer than 400 s, at temperatures equal to or higher than 250 °C, there is an increase in the yield stress and tensile strength and reduced ductility.

Besides good formability, to ensure a successful forming operation, it is also necessary to guarantee a satisfactory in-service performance of the part. Thus, the part should maintain acceptable strength and ductility after forming, or else, additional treatments have to be performed to attain the required properties. Li and Ghosh [START_REF] Li | Biaxial warm forming behavior of aluminum sheet alloys[END_REF] noted a high decrease in the post-forming yield stress, as compared with the yield stress before the forming operation, when the temperature increases from 200 to 350 °C, for both non-heat and heat-treatable alloys. This decrease in the post-forming yield stress occurs linked with the increase in the tensile elongation. Fan et al. [START_REF] Fan | Formability and strengthening mechanism of solution treated Al-Mg-Si alloy sheet under hot stamping conditions[END_REF] investigated the warm forming and postforming mechanical properties of a cylindrical cup for a heat-treatable Al-Mg-Si alloy in a temperature range from 25 to 300 °C, under isothermal conditions. Enhanced formability and post-forming hardness could be obtained simultaneously between 150 and 200 °C; however, both declined as the temperature increases to 300 °C.

The influence of warm forming on the springback is usually evaluated using the cylindrical cup test followed by split-ring test or the U-rail. Using the split-ring test, under isothermal conditions with a punch speed of 0.5 mm•s -1 , a decrease in springback for forming temperatures equal to or above 150 °C was observed by Grèze et al. [START_REF] Grèze | Influence of the temperature on residual stresses and springback effect in an Aluminium alloy[END_REF] for a non-heat-treatable EN AW 5754-O alloy. A similar conclusion was observed under non-isothermal conditions by Laurent et al. [START_REF] Laurent | Experimental and numerical studies on the warm deep drawing of an Al-Mg alloy[END_REF] for the EN AW 5754-O alloy and by Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF] for two Al-Mg-Si alloys (EN AW 6016-T4 and EN AW 6061-T6), both using a punch speed of 1 mm•s -1 . Kim and Koç [START_REF] Kim | Numerical investigations on springback characteristics of aluminum sheet metal alloys in warm forming conditions[END_REF] performed a numerical analysis of the U-rail test for an EN AW 5754-O alloy. These authors compare the isothermal with non-isothermal heating conditions for a punch speed of 10 mm•s -1 and conclude that both conditions reduce springback. However, isothermal conditions presented the highest springback reduction. The influence of the punch speed (from 1 to 20 mm•s -1 ) on springback was also analyzed by the same authors, which concluded that it increases as the punch speed increases, in both isothermal and non-isothermal conditions. This indicates that, in general, a slow forming rate is preferable in warm forming to increase formability and improve the dimensional accuracy of the parts formed. Similar conclusions were reached by Moon et al [START_REF] Moon | Effect of tool temperature on the reduction of the springback of aluminum sheets[END_REF] in the experimental analysis of a non-heat-treatable EN AW 1050 alloy under non-isothermal conditions in the punch speed range from 1 to 10 mm•s -1 . Moreover, according to Moon et al. [START_REF] Moon | Effect of tool temperature on the reduction of the springback of aluminum sheets[END_REF], the variations of the heat transfer between the tools and the blank, caused by punch speed changes, are the probable cause of some springback variations.

The aim of this paper is to analyze the influence of the punch speed on the springback behavior and formability of heat-treatable alloys under non-isothermal warm forming conditions. In fact, only a few studies exist in the literature about the warm forming of heat-treatable alloys, but none considers the springback analysis. In this work two Al-Mg-Si alloys were selected, EN AW 6016-T4 and EN AW 6061-T6. The paper is organized as follows. Section 2 presents these alloys and the experimental characterization of their thermo-mechanical behavior at RT and 200 °C. The cylindrical cup tests are presented in Section 3 for different punch speeds. The experimental results analyzed are the temperature evolution over time, the punch force evolution with its displacement, the thickness distribution along the cup wall and the springback. For the EN AW 6016-T4 alloy, the influence of warm forming on the natural aging, at different punch speeds, is also evaluated. Finally, the analysis and discussion are presented in Section 4 and the main conclusions are summarized in Section 5.

Materials and thermo-mechanical behavior

The EN AW 6016-T4 alloy is commonly used for skin applications while the EN AW 6061-T6 alloy is frequently used for structural components. The alloys with the T4 designation are more ductile than the T6 ones. Figure 1 presents the differences between these heat treatments in the Al-Mg-Si alloys, correlating the production sequence with the precipitation one, as reviewed in Engler and Hirsch [START_REF] Engler | Texture control by thermomechanical processing of AA6xxx Al-Mg-Si sheet alloys for automotive applications-a review[END_REF]. As shown in Figure 1 a), after the rolling operations, the alloys were submitted to solution heat treatment (SHT) that consists in a heating phase and a holding stage between 500 to 540 °C, followed by a fast quenching to RT. The aim of the holding time at solvus temperature is to dissolve the Mg-Si precipitates in the aluminum matrix, whereas the fast quenching to RT makes it possible to maintain the alloying elements dissolved in the matrix, leading to a supersaturated solid solution (SSSS), see Figure 1 b). This SSSS state is the driving force for precipitation in Al-Mg-Si alloys. Consequently, precipitation hardening occurs during storage at RT, known as natural aging, up to stabilization, which is designated by T4.

Artificial aging (the T6 heat treatment) is promoted in a new holding stage at a temperature range of between 170 to 200 °C, see Figure 1 a), for between 20 to 30 minutes. During this stage, the strength increases until a maximum value, linked to the precipitation of β'' needles, see Figure 1 b). The extended holding at the artificial aging temperature leads to a decrease in strength, known as over-aging. The temperature range for the warm forming of Al-Mg-Si alloys is similar to the one used in their T6 heat treatment, as shown in Figure 1. Therefore, artificial aging or even over-aging can occur during the warm forming process. In this sense, according to the precipitation sequence shown in Figure 1 b), an alloy, initially in the T4 condition, may evolve to the T6 condition; while an alloy initially in T6 condition may evolve to the condition of over-aging. The precipitation kinetics increases as the temperature increases and then decreases as the precipitation evolves. Thus, the driving force for precipitation is higher in the T4 condition than in the T6 condition. Moreover, the precipitation is a diffusion phenomenon, which is time dependent. The precipitation hardening that occurs due to temperature and time is called static aging. However, the plastic deformation leads to dislocation-assisted precipitation, known as dynamic aging or dynamic precipitation (hardening). As shown by Cai et al. [START_REF] Cai | A systematic comparison of static and dynamic ageing of two Al-Mg-Si alloys[END_REF],

the occurrence of plastic deformation greatly reduces the exposure time required for precipitation hardening at warm temperatures, when compared to that associated to static aging. Kolar et al. [START_REF] Kolar | Combined effect of deformation and artificial aging on mechanical properties of Al-Mg-Si Alloy[END_REF] studied the influence of pre-strain at RT followed by precipitation hardening at 190 °C (sequential mode)

and warm forming at 190 °C (simultaneous mode) on the material strength. They concluded that the simultaneous mode leads to higher in-service strength than the sequential mode. However, according to Fan et al. [START_REF] Fan | Formability and strengthening mechanism of solution treated Al-Mg-Si alloy sheet under hot stamping conditions[END_REF], warm forming at temperatures higher than 200 °C can contribute to reducing post-forming mechanical properties and the in-service behavior of aluminum components. Thus, in the present work, the analysis of results takes into account the exposure time, the temperature and the strain rate, which are related to the punch speed. As highlighted in the literature review performed, the influence of temperature on the precipitation sequence and kinetics as well as the connection between microstructural changes and the mechanical behavior are well known for Al-Mg-Si alloys. This knowledge is used to discuss the results following a macroscopic approach using uniaxial tensile tests, cylindrical cup tests and split ring tests.

The correlation between the punch speed and the strain rate imposed on the material was studied using finite element analysis by Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF] and Neto et al. [START_REF] Neto | Thermo-mechanical finite element analysis of the AA5086 alloy under warm forming conditions[END_REF] in the warm forming of the cylindrical cup test. Both studies analyzed a non-heat-treatable Al-Mg alloy under non-isothermal conditions, with tool geometry identical to the one used in this study. Neto et al. [START_REF] Neto | Thermo-mechanical finite element analysis of the AA5086 alloy under warm forming conditions[END_REF] analyzed three different temperatures (RT, 150 and 240 °C) and concluded that the strain rate in a point initially located in the flange (5 mm from the perimeter) is independent of the test temperature. For a punch speed of 5 mm•s -1 , a point sliding over the die (flange region) suffers a plastic strain rate increase from about 10 -2 to 10 -1 s -1 . This value of the plastic strain rate is kept almost constant during its sliding over the die radius (up to 18 mm of punch displacement). The plastic strain rate suddenly decreases when the point reaches the cup wall. Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF] studied two punch speeds of 0.016 and 1 mm•s -1 for four points, located at: (i) the bottom of the cup, (ii) the cup radius and two points in (iii) the flange zone. This study shows that after 12.5 mm of punch displacement, the points located at the bottom of the cup and in the radius present no plastic deformation. The higher strain rate was obtained for the point located at the cup radius, which presents the greater reduction in thickness. This strain rate was comprised in a range between 10 -4 and 10 -3 s -1 , for a punch speed of 0.016 mm•s -1 , and between 10 -2 and 10 -1 s -1 , for a punch speed of 1 mm•s -1 . For the points located in the flange zone, the strain rate was comprised in a range between 2x10 -4 and 6x10 -4 s -1 for a punch speed of 0.016 mm•s -1 and, 1x10 -2 and 3x10 -2 s -1 for a punch speed of 1 mm•s -1 . In brief, the increase in strain rate seems to be proportional to the increase in punch speed, i.e. by doubling the punch speed the strain rate in the flange zone also doubles. Based on these results, the punch speeds between 0.1 and 10 mm•s -1 can be related to maximum strain rate values in the range 10 -3 and 10 -1 s -1 , respectively. The influence of the temperature and strain rate on the mechanical behavior is first analyzed using uniaxial tensile tests.

Materials

The EN AW 6016-T4 alloy was provided by Constellium along with the date of the SHT; therefore, the storage time at RT is counted after this date for this alloy. The EN AW 6061-T6 alloy was acquired on the retail market and no information was provided about the date of the SHT and T6 heat treatments; therefore, the storage time at RT is counted taking its reception in the laboratory as its reference. In a previous work by Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF], it was shown that the mechanical properties of the EN AW 6016-T4 alloy change during storage at RT, becoming relatively stable after 7 months. Therefore, in order to better understand the effect of natural aging on warm forming, the tests at different punch speeds were performed considering the natural aging times of 1 and 18 months for the EN AW 6016-T4 alloy.

The mechanical properties of the EN AW 6061-T6 remained relatively stable during the storage period, thus a natural aging analysis was not performed. The temperature for the warm forming was chosen based on the literature which often refers to 200 °C as a temperature that improves formability while maintaining good post-forming mechanical properties.

Table 1 presents the mechanical properties obtained for both alloys, from a tensile test at RT at a strain rate of 2x10 -3 s -1 , with the specimens oriented along the rolling direction (RD). The definitions used in this work are according to the ISO 6892-1:2009 [START_REF]Metallic materials -Tensile testing -Part 1: Method of test at room temperature[END_REF], i.e. tensile strength;

. proof strength at 0.2% of the extensometer gauge length; percentage of total elongation at maximum force; strain hardening exponent between 4 and 6 % of plastic elongation; and strain hardening exponent between 10 and 15 % of plastic elongation. The thickness of both alloys is approximately 1 mm, with the average value of fifty measurements also presented in Table 1. Note that for the EN AW 6016-T4, the increase of the natural aging time leads to the decrease of the strain hardening exponent. However, this is accompanied by an increase of the strength coefficient, as previously reported by Zhang et al. [START_REF] Zhang | Tensile Properties and Deformation Behaviors of a New Aluminum Alloy for High Pressure Die Casting[END_REF] and Zhong et al. [START_REF] Zhong | Tensile properties and work hardening behaviour of alloy 6016 in naturally aged and pre-aged conditions[END_REF]. 

Thermo-mechanical behavior in uniaxial tension

To better understand the thermo-mechanical behavior, uniaxial tensile tests were performed at RT (≈22 °C) and 200 °C, at strain rates of 2x10 -4 , 2x10 -3 and 2x10 -2 s -1 , using a Gleeble 3500 machine (Dynamic Systems Inc.). The specimens have the traditional dog-bone shape with a gauge section of 40 mm length and 10 mm width and were cut with the length aligned with the RD using wire cut electrical discharge machining (EDM). The Gleeble device uses a high-speed heating method by direct resistance (Joule effect), enabling a heating time of 20 s. The test temperature was controlled by a type K thermocouple fixed at the center of the specimen. This heating procedure promotes a temperature gradient along the specimen's length, with a higher temperature and symmetry at the center of the specimen. As

shown by Coër et al. [START_REF] Coër | The Effect of Temperature on Anisotropy Properties of an Aluminium Alloy[END_REF], this temperature gradient can promote heterogeneous mechanical properties along the length of the specimen, resulting in a higher deformation at its center. Nonetheless, at 200 °C, the temperature difference between the center of the specimen and a point located 1.5 mm from it does not exceed 0.4 °C. Accordingly, the true strain is computed using only a rectangular gauge measurement area which is 6 mm wide and 3 mm long, at the center of the specimen, as detailed in Coër et al. [START_REF] Coër | The Effect of Temperature on Anisotropy Properties of an Aluminium Alloy[END_REF]. The strain field was acquired by digital image correlation (DIC) with the Aramis-4M (GOM mbH) system.

The tensile test results are presented as true stress -true strain curves, the true stress is determined using the true strain obtained by DIC at the center of the specimen.

The uniaxial tensile tests were performed considering two loading conditions: a) monotonic loading up to rupture; b) monotonic loading interrupted by relaxation stages of 60 s, in a cycle up to rupture, named stress relaxation tests. These stress relaxation tests were performed considering two different conditions: b.i) a single strain rate of 2x10 -3 s -1 was used in all loading stages; b.ii) two strain rates were used alternately, such that, the test starts with a strain rate of 2x10 -4 s -1 , followed by a stress relaxation stage, then a load stage at 2x10 -2 s -1 , followed by a stress relaxation stage, and so on, up to rupture. All the stress -strain curves are presented up to the maximal load, except in the cases corresponding to the b.ii) condition. The goal of the stress relaxation tests is to study the possibility of the occurrence of dynamic precipitation under warm forming conditions.

Uniaxial tensile tests on the EN AW 6016-T4 alloy

The specimens used for the EN AW 6016-T4 alloy had a natural aging time of 1 month. Figure 2 presents the stress -strain curves for EN AW 6016-T4, performed at RT and 200 °C, for three different strain rates: 2x10 -4 , 2x10 -3 and 2x10 -2 s -1 , according to condition a). Globally, the alloy presents negligible strain-rate sensitivity at RT and remarkable strain-rate sensitivity at 200 °C. At both temperatures, the increase in the strain rate causes a slight increase in the . while the hardening rate decreases. It results in a slightly positive strain-rate sensitivity for the initial values of plastic strain and negative strain-rate sensitivity at higher values of plastic strain. This behavior is particularly notable at 200 °C, where the test performed at 2x10 -4 s -1 presents the lowest yield stress and the highest hardening rate that saturates after a strain of 0.05, resulting in a lower elongation. A similar hardening behavior was reported by Ghosh [START_REF] Ghosh | Microstructurally Controlled Mechanical Properties of Al-Mg-Si Alloys for Warm Forming Applications[END_REF] for this alloy, based on tensile tests performed at 250 °C, but at a strain rate of 2x10 -3 s -1 . This indicates that at a higher temperature the dynamic precipitation hardening occurs for a shorter exposure time. On the other hand, the tests performed at strain rates of 2x10 -3 and 2x10 -2 s -1 present a smooth evolution of the hardening. Nevertheless, the hardening rate is lower at 2x10 -2 than at 2x10 -3 s -1 . Thus, although the test performed at 2x10 -2 s -1 presents a higher . , the value of is lower than the one attained at 2x10 -3 s -1 .

The engineering stress -strain curves presented by Laurent et al. [START_REF] Laurent | The influence of warm forming conditions on the natural aging and springback of a 6016-T4 aluminum alloy[END_REF] highlight that the tests performed at strain rates of 2x10 -3 and 2x10 -2 s -1 show an increase of the total elongation at fracture with the temperature increase, i.e. the ductility enhancement is achieved primarily by the post-uniform elongation.

However, the test performed at 2x10 -4 s -1 and 200 °C shows a clear reduction of the total elongation at fracture, even when compared with the test performed at RT. Figure 3 presents the strain distribution along the length of the specimen, measured for a section at the middle of the specimen's width (purple dash line in the detail of the specimen), for the tests performed at 200 °C. The strain profile is presented for four instants: 0.02; 0.06; and at rupture. It can be observed that the strain profile presents a different evolution with the strain rate. For the strain rates of 2x10 -3 and 2x10 -2 s -1 , the strain profile always presents preferential strain localization at the center of the specimen, whatever the strain value. This strain localization is linked with the temperature gradient along the specimen's length, which presents a higher temperature at its center. On the other hand, for a strain rate of 2x10 -4 s -1 , and in the strain interval between 0.02 and 0.08, the specimen deforms preferentially in the regions adjacent to its center (see supplementary material, video 1). This seems to be linked with the occurrence of dynamic precipitation hardening at the center of the specimen, due to its higher exposure time to the same temperature, caused by the slow strain rate. This leads to the increase in strength at the center of the specimen promoting the deformation of the adjacent regions, which are softer.

However, after 0.08 and up to rupture, the specimen also preferentially deforms at its center, indicating the occurrence of dynamic precipitation in all the specimen's gauge area. Moreover, at 2x10 -3 and 2x10 -2 s -1 and in a strain interval of up to 0.06, both tests present a similar stress -strain curve (see Figure 2) as well as similar strain profiles (see Figure 3). However, afterwards, the test at a strain rate of 2x10 -3 s -1 presents a higher stress value for the same strain value. In fact, as shown in Figure 3, at 2x10 -2 s -1 the deformation is more localized at the center of the specimen, while at 2x10 -3 s -1 it is more distributed along the length. This may also be linked with the occurrence of dynamic precipitation hardening at 2x10 -3 s -1 , which increases the material strength at the center, due to its higher exposure time, and causes the material to deform in the adjacent regions that are at lower temperatures.

Stress relaxation tests were performed to improve the knowledge concerning the occurrence of dynamic precipitation hardening and the influence of the exposure time (test duration). 
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Uniaxial tensile tests on the EN AW 6061-T6 alloy

Figure 6 presents the stress -strain curves obtained from the uniaxial tensile tests performed at RT and 200 °C, for EN AW 6061-T6. The monotonic tensile tests were performed for three strain rates: 2x10 -4 , 2x10 -3 and 2x10 -2 s -1 . At RT, a stress relaxation test was also performed considering a constant strain rate of 2x10 -3 s -1 for each load cycle. The alloy presents a negligible strain-rate sensitivity at RT.

The stress relaxation test at RT indicates no changes in the mechanical behavior and a stress jump associated with the presence of Lüders bands, similar to that observed for the EN AW 6016-T4 alloy.

At 200 °C, a stress relaxation test was also performed with condition b.ii). At this temperature, this alloy presents a positive strain-rate sensitivity. The hardening rate seems to be independent of the strain rate since the monotonic and the stress relaxation tests show a similar hardening behavior.

Moreover, a similar hardening behavior in function of the strain rate was observed by Ghosh [START_REF] Ghosh | Microstructurally Controlled Mechanical Properties of Al-Mg-Si Alloys for Warm Forming Applications[END_REF], for monotonic tensile tests performed on the same alloy, at 250 °C with strain rates of 2x10 -2 s -1 and 2x10 -1 s -1 .

Lastly, no relevant mechanical behavior change was noticed at 200 °C for this alloy as a result of the stress relaxation stages, indicating that no significant microstructural change occurs, i.e. there is no influence of the exposure time. 
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In the present section, the forming behavior of the two alloys selected is evaluated at RT and 200 °C, considering different punch speeds. The forming behavior of the EN AW 6016-T4 alloy was analyzed at two natural aging times: 1 and 18 months; while for the EN AW 6061-T6 alloy the forming tests were only performed considering 18 months after its reception. At RT, the punch speeds analyzed were 1 and 10 mm•s -1 , while at 200 °C three values were considered: 0.1, 1 and 10 mm•s -1 . The lower and higher punch speeds were imposed by the characteristics of the device. As previously mentioned, this punch speed range corresponds to the maximum strain rate values in the range 10 -3 and 10 -1 s -1 , respectively.

Experimental procedure

The cylindrical cup test consists in forming a cup from a circular shaped metallic sheet, the blank, in a forming die by the mechanical action of a punch. A blank-holder tool is used to avoid wrinkles and to control the material flow into the die. The dispositive used was a Zwick/Roell Amsler BUP200 sheet metal testing machine, using tools specifically adapted for warm forming. The details about the warm forming tools are given in Coër [START_REF] Coër | Mise en forme par emboutissage en température d'un alliage d'aluminium AA5754[END_REF] and Laurent et al. A schematic illustration of the procedure used in the warm forming of the cylindrical cup is presented in Figure 7. The procedure starts with the heating of the die and the blank-holder by internal electrical heating rods (Figure 7 a)), until the defined test temperature. The blank is lubricated with "Jelt Grease 5411 aerosol 95cSt" and is positioned in the blank-holder (Figure 7 b)) to be heated. A reduced heating time of approximately 60 s was selected to minimize the occurrence of microstructural changes.

During the forming, the punch is water cooled to maintain its temperature close to RT. The water flow rate imposed within the cooling system was equal in all the tests. The forming operation presented involves two distinct phases: (i) the drawing, as schematically shown in Figure 7 c); and the (ii) the ironing, resulting from the fact that the thickening of the flange (see Figure 7 d)) is higher than the gap between the die and the punch. When the punch reaches the displacement set it stops and the ejector is actuated to remove the cup from the die cavity (Figure 7 e)). The clamping force of 6 kN was used in all tests.

The dimensions of the tools and the blank are presented in Figure 8, as well as the position of the Type K thermocouples. A thermocouple is placed on the die radius (labeled TC Die); another is right below the ejector (labeled TC Punch) in the punch; and in the blank-holder the thermocouple is in the flange zone (labeled TC B-H). On the blank, the thermocouples are initially placed at the center (labeled TC Blank 1) and at 15 mm (limit of the punch radius) from the center of the blank (labeled TC Blank 2).

The thermocouples have a fixed position in the tools, thus, the temperature values correspond to a local measure. On the other hand, the position of the blank thermocouples evolves relative to the tools during the warm forming test, meaning that the temperature values measured are a function of the punch displacement. Therefore, the analysis of the evolution of the temperature throughout the drawing test must be performed considering the evolution of the relative position of the thermocouples. At the end of the forming operation, the thermocouple TC Blank 1 is still positioned in the center of the bottom of the cup while TC Blank 2 is located in the radius zone of the cup, which are zones submitted to low levels of plastic strain. The following variables were recorded in each test as a function of time: the punch force, the punch displacement, the blank-holder force and the temperature. For each condition, a minimum of three reproducible tests was performed. The reproducibility was validated by two conditions: (i) the average scatter of the punch force, which was less than ±0.1kN for the same displacement; and (ii) the difference in heating time was always inferior to ±15 s. It is known that Type K thermocouples can present temperature measurement errors outside the standard limits, due to the drift in the Seebeck coefficient [START_REF] Webster | Seebeck Changes Due to Residual Cold-Work and Reversible Effects in Type K Bare-Wire Thermocouples[END_REF][START_REF] Greenen | Thermal Recovery from Cold-Working in Type K Bare-Wire Thermocouples[END_REF]. Nevertheless, under the previously specified conditions, the temperature results were always reproducible with temperature differences inferior to 2 °C. Moreover, for the same test conditions, the temperature evolutions were similar for the alloy EN AW 6016-T4 for both natural aging periods (1 and 18 months) and for the alloy EN AW 6061-T6. Therefore, the results shown are only for one representative test for each condition.

The thickness of the cup and height were measured as shown in Figure 9 a). This was performed using a 3D measurement machine "Brown & Sharpe Mfg. Co." model "MicroXcel PFX-454". The coordinate measurements are performed along the interior and the exterior sides of the cup, in a normal direction to each surface, such that the difference between them corresponds to the thickness value. The measurements are performed at each 45° from 0° to 315° RD. To minimize measurement errors resulting from axisymmetric deviations, the thickness values presented correspond to the average of the vertical axis symmetries for the cup. According to Coër [START_REF] Coër | Mise en forme par emboutissage en température d'un alliage d'aluminium AA5754[END_REF], the accuracy of the thickness measurement is a function of: the accuracy of the 3D measurement machine (±3 µm), the control of the positioning of the cup in the measurement device (±15 µm), and of angular deviations in the RD direction (±5 µm). The cup height was measured along its edge, at each 5°. The results of the cup dimensions were highly reproducible within the same test conditions.

A springback analysis was performed using the split-ring test. In this test a ring is cut from the cup wall (trimming) and afterwards it is opened along the RD (split-ring). As shown by Grèze et al. [START_REF] Grèze | Influence of the temperature on residual stresses and springback effect in an Aluminium alloy[END_REF],

the difference between the ring's diameter before and after splitting (ring opening) is an indirect measure The temperature evolution of the blank and the tools is highly dependent on the punch speed since the amount of heat transferred depends of the forming time, which is in a range between approximately 300 s (for 0.1 mm•s -1 ) and 3 s (for 10 mm•s -1 ). Globally, the blank's temperature is higher for the higher punch speeds. As shown in Figure 10 a), the shape of the temperature evolution curves is quite similar for the punch speeds of 0.1 and 1 mm•s -1 . In the beginning of the forming stage, the temperature at the center of the blank (TC Blank 1) is slightly lower than at the area close to the flange zone (TC Blank 2) since there is some heat transfer by convection between the blank and the punch during the heating stage. In the drawing phase, the blank temperature (TC Blank 1 and TC Blank 2) is mostly coincident for both punch speeds. Nevertheless, it should be mentioned that the TC Die shows lower temperature values for the punch speed of 0.1 mm•s -1 , while the TC Punch presents higher ones, see Figure 10 b). In the ironing phase, the temperature in the tools and in the blank is lower at the punch speed of 0.1 mm•s -1 . Concerning the temperature evolution for a punch speed of 10 mm•s -1 , the TC Die presents a slight temperature decrease and the TC Punch a slight temperature increase. The temperature evolution in the TC Blank 1 and the TC Blank 2 presents an almost linear decrease, with a higher rate from the beginning of the test up to the instant of the maximum punch force. Thereafter, the temperature of the TC Blank 1 and the TC Blank 2 decreases linearly, but at a lower rate.

The punch force analysis

The influence of the punch speed and temperature on the punch force evolution, as a function of its displacement, is shown in Figure 11. Globally, the punch force decreases as the temperature increases from RT to 200 °C, which is linked to the softening behavior resulting from the temperature increase.

Regarding the influence of the punch speed on the evolution of the punch force, globally the results show that at RT it has a negligible effect, while at 200 °C it is noticeable. This is valid for both alloys. Finally, for the EN AW 6016-T4 alloy, the natural aging (from 1 to 18 months) leads to higher punch forces at RT. However, at 200 °C the natural aging influence is negligible, whatever punch speed used, see Figure 11 a).

At 200 °C, both alloys show a slightly higher punch force with a higher punch speed for the first millimeters of the punch displacement. However, on attaining the plateau of maximal force, the highest punch force occurs for the lowest punch speed. For the EN AW 6016-T4, this inversion of the evolution of the punch force occurs at 10 mm of punch displacement, at about 90, 9 and 0.9 s for 0.1, 1 and 10 mm•s -1 of punch speed, respectively. Moreover, for the punch speed of 0.1 mm•s -1 an unusual increase in the drawing force is observed between 10 and 15 mm of punch displacement, which is analyzed in the discussion. For the EN AW 6061-T6 alloy, the inversion of the punch force occurs at 14 mm of punch displacement, at about 150, 15 and 1.5 s for 0.1, 1 and 10 mm•s -1 of punch speed, respectively. 

The thickness analysis

The thickness evolution along the curvilinear distance from the center of the cup is presented in Figure 12. The thickness is presented only along RD since the analysis of the other profiles lead to similar conclusions. For the EN AW 6016-T4 alloy, the results presented in Figure 12 correspond to the tests performed only at 18 months of natural aging, since the natural aging effect does not induce significant dimensional differences, as shown in Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF]. Both alloys present a similar trend for the thickness evolution, which is independent of the test temperature and the punch speed, see Figure 12. The thickness profile is constant at the bottom of the cup and close to the initial thickness value. The lower thickness values occur at the entrance to the punch radius (section b to c) and at the transition between the punch radius and the cup wall (ring 3 zone). After that, the thickness increases along the cup wall but attains a constant final value, due to the ironing phase.

Comparing both alloys, it is visible that at the bottom of the cup and radius zone, the EN AW 6061-T6 alloy presents lower thickness values, which are related to the difference in the initial thickness values, see Table 1. However, the shape of the thickness profile is independent of the initial thickness value.

Globally, for the same location in the cup, the thickness values are higher for the cups deep drawn at 200 °C. Regarding the punch speed, it has a negligible influence on the thickness of the cup at RT, while at 200 °C small differences in thickness are noted at the cup radius zone for the EN AW 6016-T4 alloy and at the ironed zone for both alloys. In these zones, globally, the thickness is higher for the cups performed at higher punch speeds. Although not shown here, the results confirm that there is a relation between the average cup height and the thickness distribution, i.e. greater heights occur associated with a lower average thickness distribution, as previously reported by Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF]. Nevertheless, the punch speed induces only slight differences in the cup height. 

Springback analysis: the split-ring test

The measurements of the ring openings as a function of the punch speed are shown in Figure 13.

Three rings were cut from the cup wall at various heights, as presented in Figure 9 b). For the same temperature and punch speed conditions, the EN AW 6061-T6 alloy always presents higher springback values than the EN AW 6016-T4 alloy due to its higher yield stress. In fact, it is known that, springback increases with the increase in the flow stress, assuming the same Young modulus value. At RT, for both alloys the punch speed has a negligible effect on the opening of the ring. While at 200 °C, for the EN AW 6016-T4 alloy, the ring opening decreases linearly with the increase in logarithmic punch speed.

Moreover, at 200 °C the ring openings are very similar for the naturally aged material of 1 and 18 months. For the EN AW 6061-T6 alloy, the punch speed has a negligible effect on the ring opening at 200 °C.

Regarding the influence of the axial position of the ring in the cup wall, it may be seen that the ring opening decreases as the distance from the bottom of the cup increases. This trend occurs for both alloys and is independent of the punch speed and the forming temperature. According to Simões et al. [START_REF] Simões | Numerical study of springback using the split-ring test: influence of the clearance between the die and the punch[END_REF], who analyzed the residual stress distributions for this benchmark test numerically, the ironing of the vertical wall changes the distribution of the residual axial and circumferential stresses along the cup wall, even for relatively small ironing strains. This alters the trend observed for the ring opening, when rings are cut at different heights. In fact, since the ironing phase imposes high contact forces on the cup wall, which reduces the tangential stress, ring 1 presents a lower springback variation for the various test conditions. The fact that ring 1 presents a negligible springback variation with the increase in punch speed, seems to be connected to the reduction in the gradient of the circumferential stress component throughout the thickness induced by the ironing phase. 

Analysis of results and discussion

The results presented in the previous subsection show that formability and springback remain stable or improve with the increase in punch speed. Nonetheless, as previously mentioned in the introduction, it has also been reported that the increase in the punch speed leads to a decrease in formability, for non-heat-treatable aluminum alloys. This was observed both under isothermal conditions by Ayres and Wenner [START_REF] Ayres | Strain and strain-rate hardening effects in punch stretching of 5182-0 aluminum at elevated temperatures[END_REF] and non-isothermal conditions by Naka and Yoshida [START_REF] Naka | Deep drawability of type 5083 aluminium-magnesium alloy sheet under various conditions of temperature and forming speed[END_REF]. Additionally, Moon et al. [START_REF] Moon | Effect of tool temperature on the reduction of the springback of aluminum sheets[END_REF] and Kim and Koç [START_REF] Kim | Numerical investigations on springback characteristics of aluminum sheet metal alloys in warm forming conditions[END_REF] reported an increase in springback with the increase in punch speed, both under isothermal and non-isothermal conditions. On the other hand, Ghosh et al. [START_REF] Ghosh | Warm deep-drawing and post drawing analysis of two Al-Mg-Si alloys[END_REF] and Palumbo et al. [START_REF] Palumbo | Warm HydroForming of the heat treatable aluminium alloy AC170PX[END_REF] have shown that for Al-Mg-Si alloys a low forming speed may be counterproductive in formability due to dynamic precipitation. Thus, in the case of heat-treatable alloys, an analysis of formability and springback results needs to consider the range of exposure time (heating and forming).

In warm forming under non-isothermal conditions, the temperature evolution depends on the punch speed since this process parameter dictates the forming time. Figure 14 presents the temperature evolution of the tools and blanks as a function of time for the three punch speeds. Concerning the TC B-H, the temperature decreases smoothly as time increases, remaining mostly above 190 °C. The temperature of the TC Punch is constant in the beginning (approximately 1 s) and afterwards it increases as time increases. However, at punch speeds of 0.1 and 1 mm•s -1 , the temperature of the TC Punch decreases during the ironing phase, highlighting the capability of the cooling system to dissipate heat for higher forming times. The evolution of the temperature of the TC Die is more complex. For the three punch speeds, the temperature of the TC Die presents an initial first period with a slight decrease, followed by a faster decrease until attaining a plateau. This plateau corresponds to the instant that the die and the punch shoulder radii are completely formed in the part, i.e. the instant of maximal punch force, between 10 and 15 mm of punch displacement, see Figure 11. The high contact surface between the die and the blank contributes to a stabilization of the punch and the die temperature, since the heat flows from the flange zone, through the blank, and is dissipated by the punch cooling system, promoting a thermal equilibrium. Afterwards, the temperature of the TC Die abruptly decreases during the ironing phase and increases when the die loses contact with the blank. In fact, according to Chang et al. [START_REF] Chang | Investigation of the factors influencing the interfacial heat transfer coefficient in hot stamping[END_REF], a higher contact pressure causes more deformation of the asperities at the interface (reducing the blank's surface roughness), so the actual contact area enlarges and the thermal contact resistance decreases, resulting in an increase in the interfacial heat transfer coefficient. The temperature difference between the TC Die and the TC Punch decreases as the punch speed decreases (see Figure 10 b) and Figure 14)). These results are in accordance with those presented by Ma et al. [START_REF] Ma | Influence of process parameters on deep drawing of AA6111 aluminum alloy at elevated temperatures[END_REF], reporting that a high punch speed can keep heat transfer between the tools at a minimum level during the hot forming process. In fact, during the forming process, the heat transfer rate between the cold punch and the heated flange zone is a function of the temperature difference between the tools and is also proportional to the time. Thus, the improvement in formability, related with the temperature difference, described by Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF], decreases as the punch speed decreases. forming (see Figure 11), for the two alloys, this positive strain-rate sensitivity prevails until approximately 9 mm of punch displacement, resulting in higher punch forces linked with higher punch speeds. In fact, during this period the blank presents a large contact area with the heated flange, indicating that it keeps a relatively stable high temperature, whatever the punch speed (see Figure 14). Subsequently, from 9 to 19 mm of punch displacement, the blank progressively loses contact with the flange zone and its temperature is mainly imposed by the temperature difference between the die and the punch. During this period, the punch force is similar for each punch speed, with the exception of the test performed with the EN AW 6016-T4 alloy, with a punch speed of 0.1 mm s -1 , as already mentioned in section 3.2.2

(Figure 11 a)). Globally, the higher average temperature of the blank at the punch speed of 10 mm•s -1 (see Figure 14) may contribute to reducing the forming force, since the material becomes softer as the temperature increases. However, the positive strain-rate sensitivity leads to the increase in the forming force, since the material becomes harder as the strain rate increases. For the lower punch speeds, the lower average temperature of the blank may contribute to the strengthening of the material, increasing the forming force. However, the forming force may reduce due to the lower strain rate attained by the material. In fact, it seems that the positive strain-rate sensitivity at higher punch speeds is counterbalanced by the hardening of the material due to the lower temperatures at the lower punch speed. Afterwards, during the ironing phase, a higher punch force is obtained with the lower punch speed for the two materials. This is related to the lower gap between the die and the punch that causes a harder ironing phase. In fact, the temperature dictates the thermal dilatation of the tools. As shown in Figure 14, the decrease in the punch speed causes a reduction in the temperature difference between the die and the punch, causing a reduction in the gap between these tools and leading to higher punch forces.

Regarding the tests performed at the punch speed of 0.1 mm•s -1 for the EN AW 6016-T4 alloy, an unexpected increase in the punch force occurs between 10 to 16 mm of punch displacement (see Figure 11 a)), which is not observed for the other tests. Ghosh et al. [START_REF] Ghosh | Warm deep-drawing and post drawing analysis of two Al-Mg-Si alloys[END_REF] also observed a similar behavior in the warm forming at 250 °C of the same alloy, for a decrease in the punch speed from 1 to 0.18 mm•s -1 .

According to the authors, these observations can be explained in terms of dynamic precipitation, which causes the material to approach the T6 condition. For the test under analysis, the punch displacement between 10 to 16 mm corresponds to a time of about 100 s. Thus, the increase in the punch force can be understood with the analysis of the stress -strain curves, at a strain rate of 2x10 -4 s -1 (see Figure 2 and Figure 4), where it is observed that under uniaxial tensile stress conditions an exposure time of about 80 s is enough to promote the beginning of dynamic precipitation hardening. The influence of the dynamic precipitation on the material's hardening behavior is particularly evident in the stress relaxation test, see Figure 4. According to Cai et al. [START_REF] Cai | A systematic comparison of static and dynamic ageing of two Al-Mg-Si alloys[END_REF] and Kolar et al. [START_REF] Kolar | Combined effect of deformation and artificial aging on mechanical properties of Al-Mg-Si Alloy[END_REF], who studied the combined effect of deformation and precipitation on the mechanical properties of Al-Mg-Si alloys, the dislocations introduced by plastic deformation promote the growth of precipitates by a dislocation-assisted diffusion mechanism, reducing the time to reach the peak strength, as compared to the one associated with static aging. It should be mentioned that the range of the exposure time (heating and forming) of the cylindrical cup tests for the punch speeds used, matches the ones of the tensile tests for the strain rates selected. In fact, the warm forming of the cylindrical cup at a punch speed of 0.1 mm•s -1 requires a heating and forming time of approximately 60 and 300 s, respectively. Accordingly, the tensile test at the strain rate of 2x10 -4 s -1 requires 20 s for heating and 450 s to attain the (see Figure 2). Although these exposure times may seem low when compared with the ones commonly used to perform the T6 heat treatment, the dislocation-assisted precipitation clearly reduces the time required for the precipitation hardening to occur. For the punch speeds of 1 and 10 mm•s -1 , the forming time is approximately 30 and 3 s, respectively. Accordingly, the tensile tests for a strain rate of 2x10 -3 s -1 and 2x10 -2 s -1 require 65.6 and 5.48 s to attain the , respectively. The change in the strain-rate sensitivity observed between the tensile tests at 2x10 -3 s -1 and 2x10 -2 s -1 indicates that the dynamic precipitation also occurs at 2x10 -3 s -1 (see Figure 2). This change starts to occur for a test duration of approximately 30 s. Thus, although its effect is not so visible in the evolution of the punch force, the results indicate that dynamic precipitation hardening can also occur for the punch speed of 1 mm•s -1 since, as previously mentioned, the average temperature of the blank during the deep drawing stage is always between 200 and 150 °C (see Figure 14).

The influence of temperature and punch speed on the cup thickness is noticeable in two distinct zones: (i) the cup radius zone; and (ii) the ironed zone (see Figure 12). According to Palumbo and Tricarico [START_REF] Palumbo | Numerical and experimental investigations on the Warm Deep Drawing process of circular aluminum alloy specimens[END_REF], the difference in thickness in the cup radius zone is linked to the temperature gradient of the tools. In fact, the cooling action exerted by the punch produces a strengthening effect on the material located at the bottom of the cup and in the radius zone. The softening of the material at the flange reduces the punch load required to attain a certain displacement and, consequently, the stress and strain levels also reduce in the cup radius zone. These effects can explain the slight reduction in the thickness at the cup radius as the punch speed decreases, observed at 200 °C for the EN AW 6016-T4 alloy, see Figure 12.

Regarding the ironed zone, as shown by Simões et al. [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF], the temperature increase leads to the thermal dilation of the tools and, consequently, to an increase in the gap between the die and the punch. Since it is the gap between the die and the punch that determines the final thickness, its increase explains the higher thickness values observed in the ironed zone of the warm formed cups. Additionally, a greater gap results in a softer ironing phase with lower punch forces (see Figure 11) and, consequently, lower stress and strain levels in the cup radius zone, which also contributes to increasing the thickness in the cup radius zone.

Concerning the influence of punch speed on the springback, at RT both alloys show a negligible variation of the opening with the increase in punch speed (see Figure 13), as a result of their negligible strain-rate sensitivity at RT (see Figure 2 and Figure 6). At 200 °C, the EN AW 6061-T6 alloy also presents a negligible variation in springback with the increase in punch speed. This can be related with the behavior observed in the stress relaxation tests (see Figure 6), characterized by a sudden stress drop upon unloading, followed by a stress value upon reloading which is consistent with the one attained in the monotonic test performed at the same strain rate. Although the increase of the punch speed leads to a higher strain rate for a point initially located in the flange, which is kept almost constant during its sliding over the die radius, it suddenly decreases when the point reaches the cup wall until attaining a null value [START_REF] Neto | Thermo-mechanical finite element analysis of the AA5086 alloy under warm forming conditions[END_REF]. This results in a stress distribution in the cup wall that tends to be similar, whatever the punch speed.

Therefore, although this alloy has a positive strain-rate sensitivity (see Figure 6), there is no clear increase in springback with the increase in the punch speed. Another reasonable explanation for this may be linked with the reduction in the temperature of the blank and the increase in the ironing forces for lower punch speeds. In fact, the increase in the material strength caused by the positive strain-rate sensitivity, at higher punch speeds, may be counterbalanced by the higher material strength caused by the lower temperature at lower punch speeds (see Figure 14). On the other hand, at 200 °C, the EN AW 6016-T4 alloy shows an increase in springback as the punch speed decreases. Although both alloys present a positive strain-rate sensitivity, for the EN AW 6016-T4 alloy the springback behavior is mainly dictated by the occurrence of dynamic precipitation hardening, which leads to higher material strength and, consequently, higher springback.

Conclusions

The results presented clearly show that under non-isothermal conditions, for heat-treatable alloys such as the Al-Mg-Si alloys, the formability and springback remain stable (for the EN AW 6061-T6 alloy) or decrease (for the EN AW 6016-T4 alloy) as the punch speed increases. Nevertheless, previous results presented in the literature for non-heat-treatable aluminum alloys report a decrease in formability and a springback increase with the increase in the punch speed, both under isothermal and non-isothermal conditions. This behavior corresponds to the one expected for materials presenting a positive strain-rate sensitivity, as for the alloys under analysis.

The present study highlights the fact that the influence of the punch speed can be divided in its impact on the behavior of the material and on the temperature gradient in the blank. Globally, the heat transfers that occur during the process are mostly dependent on the forming time. The higher punch speed reduces the exposure time and consequently reduces the heat exchanges. Thus, at higher punch speed, the temperature values of the tools remain nearly constant during the warm forming. On the other hand, at lower punch speeds, the temperature of the blank decreases and consequently the strength of the material increases, which can reduce the effect of the material positive strain-rate sensitivity. Additionally, a low punch speed contributes to decreasing the advantage of the temperature gradient in the blank, which may result in more thinning. This may explain why the formability and springback remained stable for the EN AW 6061-T6 alloy. For the EN AW 6016-T4 alloy, a high punch speed value also avoids dynamic precipitation that causes additional hardening, reducing the formability and increasing the springback. In this sense, a high punch speed is advantageous in the warm forming of heat-treatable alloys under nonisothermal conditions, because it allows a better control of the process, including on the temperature difference between the tools.

Previous results highlighted the potential of warm forming of heat-treatable alloys, under nonisothermal conditions in a temperature range from 200 to 250 °C, to increase the formability, reduce the springback, and minimize the influence of natural aging in sheet metal forming parts variability [START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF]. The present study underlines the need to consider the influence of the strain rate in the design of warm forming process, particularly when considering heat-treatable alloys, since it also affects the exposure time. This allows exploiting the advantages of warm forming using a higher punch speed, even for alloys
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 1 Figure 1 -a) Thermal cycle of heat treatment and production; b) Precipitation sequence in Al-Mg-Si alloys [26].
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 2 Figure 2 -Influence of the strain rate on the stress -strain curves obtained from uniaxial tensile tests performed at 22 and 200 °C, for EN AW 6016-T4 at 1 month of natural aging. The times presented at the end of the curve correspond to the test duration until attaining the instant.For the test at a strain rate of 2x10 -4 s -1 other relevant instants are marked.
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 3 Figure 3 -Influence of the strain rate on the strain distribution along the length of the specimen. The strain profiles are taken at four instants and correspond to the tests at 200 °C presented in Figure 2.
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 45 Figure4-Influence of the strain rate on the stress -strain curves obtained from the stress relaxation tensile tests, for EN AW 6016-T4 at 1 month of natural aging.
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 6 Figure 6 -Influence of the strain rate on the stress -strain curves obtained from stress relaxation tensile tests, for EN AW 6061-T6.
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 7 Figure 7 -Deep drawing of a cylindrical cup: a) Heating the die and blank holder to 200 °C, punch kept at RT by water cooling system; b) Blank heating; c) Cup drawing; d) Ironing; e) Ejection step.
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 8 Figure 8 -Tool dimensions (in mm) and detail of the position of the thermocouples.
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 9 Figure 9 -a) Cup dimensions; b) Split-ring springback test.
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 1010 Figure 10 a) and b) present the temperature evolution of the blank and the tools, as a function of the punch displacement, respectively, for the three punch speeds. The results correspond to the EN AW 6016-T4 alloy at 18 months of natural aging. Although not shown here, the same temperature evolution
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 11 Figure 11 -The punch force evolution as a function of punch displacement.
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 12 Figure 12 -The influence of punch speed and temperature on the thickness evolution along the RD.
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 13 Figure 13 -The ring opening as a function of the punch speed presented on a logarithmic scale. The green, blue and red symbols correspond to rings 1, 2 and 3, respectively. The colored lines correspond to tests performed at 200 °C while the black lines are used for tests at RT.
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 14 Figure 14 -Temperature evolution as a function of time (on a logarithmic scale), in the warm forming of a cylindrical cup at 200 °C. Tests performed on the EN AW 6016-T4 alloy, natural aged of 18 months.

Figure 14

 14 Figure 14 also highlights the blank exposure time, which is particularly important to analyze the occurrence of dynamic precipitation. At a punch speed of 10 mm•s -1 , the average blank temperature is at its highest, but for the shortest exposure time. For the other two punch speeds, the temperature of the TC Blank 1 is always under 150 °C; while the TC Blank 2 presents a temperature under 150 °C after 21.1 and 2.2 s, for 0.1 and 1 mm•s -1 , respectively. Whatever the punch speed adopted, both thermocouples have a temperature below 100 °C after 20 mm of punch displacement (see Figure10 a)), which corresponds to approximately one third of the forming time.

Table 1 -

 1 Mechanical properties at RT of EN AW 6016-T4 and EN AW 6061-T6 alloys along RD[START_REF] Simões | The influence of warm forming in natural aging and springback of Al-Mg-Si alloys[END_REF].

		Aging time	.				Thickness
	EN AW 6016-T4	1 month 18 months	101 MPa 215 MPa 23.9 % 130 MPa 247 MPa 22.8 %	0.32 0.28	0.26 0.24	1.05 mm
	EN AW 6061-T6	-	270 MPa 325 MPa	12%	0.14	-	0.98 mm
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with a positive strain rate sensitivity, which is advantageous in the industrial field since it makes higher production rates possible.