Behaviour of Al6061-T6 alloy at different temperatures and strain-rates: experimental characterization and material modelling
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Abstract. The simulation of impact scenario against a structure requires the use of material models able to reproduce all aspects of the mechanical behaviour of the involved materials; plastic flow is one of the main aspects to be reproduced. In more detail, attention has to be paid to the investigation of strain-rate and temperature sensitivities, as well as their interaction, which necessitates the use of a reverse engineering approach.  The present paper mainly focuses on the tensile behaviour and an ad-hoc testing campaign was performed on cylindrical dog-bone specimens made in Al6061T6 at different temperatures and strain-rates extending the range up to a level where, at present, there is a lack in the scientific literature. The thermal softening effect was investigated in quasi-static as well as in dynamic loading conditions from room temperature up to 400 °C; while the material strength dependence on the strain-rate was studied up to 104 s-1 on miniaturized samples. Microstructure analyses were performed to better investigate the mechanical response at different loading conditions. The parameters of the Johnson-Cook model were identified starting from experimental data via a numerical inverse approach based on FEM simulations. These parameters can be used for simulations of extreme loading scenario like ballistic impact events.
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1. Introduction

Extreme loading conditions like ballistic impacts, explosions and several technological processes subject the material involved to a very high strain-rate combined with high levels of deformation, temperature and damage. These loading conditions represent a challenge in the design and assessment of critical mechanical components and/or manufacturing process. Although experimental testing is fundamental for a reliable approach, alternative methods such as numerical simulations are now an actual and valid option. Obviously, the reliability of the Finite Element models results strongly depends on the capability of the material model to correctly reproduce the material behaviour under these extreme conditions. In such complex scenarios, different aspects have therefore to be considered: the generation and propagation of elastic and plastic waves, the contribution of deviatoric and hydrodynamic deformation, the thermo-mechanical coupling effects, crack propagation and the failure condition. In addiction the deformation process is adiabatic: the heat generated from the conversion of the plastic work has no time to disperse and the consequent relevant rise in temperature has to be considered.
A comprehensive constitutive model should consider all these effects. A common approach is the superposition of sub-models each of them able to describe a part of the above-mentioned aspects, while neglecting coupled effects between each contribution.  The plastic flow and the effects of plastic strain, strain-rate and temperature, as well as their mutual influences are described with a strength model. The material damaging and the material fracture are predicted by defining an appropriate failure model whereas the hydrodynamic stress is related to other thermodynamic quantities by the definition of a proper equation of state. Such a simplified approach is supported by some experimental evidence and results in obtaining the material characterization by performing a limited number of relatively simple tests.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]In the present work, the attention was focused on the plastic flow description and the definition of appropriate strength models for Al6061-T6 alloy to predict its behaviour under extreme conditions, in terms of strain-rate and temperature dependencies. In order to achieve this aim, various parameters had to be addressed including the choice of the most suitable strength material model, the strategy to calibrate its parameters and the account for the strong coupling between the strain-rate and the temperature, which results at high level of plastic strain due to the short time scale of the phenomenon. Correlation and validation between experimental results and microstructure evolution were achieved by means of microstructural analyses of the fracture surface performed for several loading conditions.
The Johnson-Cook material model was chosen and calibrated in this work (by means of reverse engineering approach), since it takes into account the effect of strain hardening, strain-rate and temperature dependencies in a simple but effective way; moreover, this model is suitable to describe a large variety of metal materials with different crystal structures and, therefore, it is widely included in several numerical solvers. A brief discussion of the defining factors leading to this choice is reported below.
A reverse engineering approach was used for the determination of the material model parameters to account for the coupling between strain-rate and temperature and to extend the range of strain up to fracture in post-necking regime. This coupling is typical in case of ballistic impact, in which the adiabatic condition is often reached in a very localized portion of the involved components, where the strain-rate is maximum. Hence, temperature and strain-rate act in opposition causing the resultant behaviour of the materials: the strain-rate increments the material strength and its plastic hardening capability which in turn increases the temperature and generates a softening effect. In the early phase of the impact, which is characterized by a low level of plastic deformation and a high strain-rate, an increase in strength is the main effect; however, in the next phase, where the increase of plastic deformation and the reduction of the strain-rate by energy dissipation occur, the temperature is a highly contributing factor.  

2. Literature review
The 6000-series aluminium alloy is extensively used in the transportation and energy industry. Its properties, including a favourable weight-resistance ratio, the resistance to corrosion, a good weldability as well as machinability in conjunction with toughness, makes this series very attractive for lightweight design especially aimed to frame (plane, car, bike, etc). 
Specifically, the Al6061T6 alloy is a tempered grade T6, which means that it has been solutionized and artificially aged. This alloy is a very versatile material also used in laminate plate material for high velocity impact [1]. Its favourable mechanical properties make it presently an extensively studied alloy especially in the field of optimization of manufacturing processes [2-5]. However, all of the applications of the Al6061T6, involve the use of the material in processes which are influenced by phenomenon like strain hardening, strain-rate and temperature and therefore an improvement of the calibration of the constitutive model for this material is of prime interest.
A very recent paper [6] investigated the compressive strength of the Al6061T6 as a function of high strain-rate. The preliminary discussion of that paper highlighted many ambiguities in the literature regarding the effects of temperature and strain-rate on the compressive strength. The dynamic compressive strength was investigated by means of SHPB while a SEM investigation showed a strong change in the microstructure modification at a strain-rate varying from 4148 s-1 to 6519 s-1. Strain-rate sensitivity was apparently enhanced in the passage from 5475 - 6181 s-1 to 6181-6519 s-1. However thermal activation volume seemed to decrease in this variation of strain-rate range.
Previous work [7] did not show any significant increase in strength at high strain-rates (>10,000 s-1) and the constants presented in that paper have been used extensively over the years to represent the ballistic response of Al6061T6 with good results [8]. Nevertheless, another work [9] showed a significant deviation between the J-C model prevision, obtained by using the material parameter in [7], and the experimental results. In [9] an increase in strength above a strain-rate of 103 s-1 was shown and justified by the authors due to a change in the deformation mechanism.
In [10], the authors reported the trend of the maximum stress obtained by a SHPB tensile and compressive tests and highlighted a dynamic behaviour with an increase in strength of Al6061T6 starting from a strain-rate of about 103 s-1. Also in [11], a step increase in the flow stress of Al6061T6 was observed, but differently from the results reported in other papers, it was observed  to start from about 104 s-1. In [12], the effects of a temperature up to 350°C and a strain-rate up to 5×103 s-1 was investigated also focusing on the microstructural evolution using a compressive SHPB system. Also in this case, an increase in the flow stress at about 103 s-1 was acquired and was justified with a greater rate of dislocation generation and multiplication (by TEM observation).  The combined effect of strain-rate and temperature has been investigated in [13] for a generic alloy 6061.  The authors made tests up to 104 s-1 and at a temperature up to 673 K. They also calibrated a Johnson-Cook (JC) model but without the interaction between the different parameters and without the use of numerical models (like in the present papers). According to the results presented in [13] the calibrated JC model partially failed to describe the behaviour of the material at high temperature whereas for strain-rate effect, good results were obtained for low strain-rate (where the strain-rate sensitivity is very low) but a comparison at high strain-rate was not performed. In contrast to other papers strain-rate sensitivity seemed very low. It is worth to mention that the material seemed to be not in a tempered grade T6 like the material analysed in the present paper.  However, the results of the paper underline the need for further investigations with the use of numerical models in order to calibrate the JC parameters by means of a reverse engineering approaches where strain-rate and temperature effect are fully considered. The effect of the strain-rate on fracture morphology was reported also in [14] where fractography showed that ductile failure mode was dominant for such an alloy and that the strain-rate produced rougher fractures and more particle cracking. However, in that paper only intermediate strain-rate were investigated on Al6061T6.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Previously, the authors of the present paper performed an investigation on the mechanical properties of Al 6061T6 [15] with a relevant application in the field of impact engineering [16-17-18] and the results were compared with results from the scientific literature [9]. These past works underlined the importance of a correct material calibration in predicting the effect of a ballistic impact, as well as the need of a more in-depth investigation in the strain-rate range close to 10-4 s-1 to better highlight the piecewise behaviour of the flow stress. Moreover, also the temperature sensitivities need to be further investigated to be able to correctly consider the coupled effect due to the adiabatic heating. In addition, in [15] the material modelling approach for Al6061T6 was discussed and it was concluded, also in accordance with the results reported in the scientific literature, that the Johnson-Cook model is a good choice in terms of balance between simplicity and capability to predict the material response in case of impact.
Therefore, from the above discussion of the relevant literature data, it is evident that there is still a need for a further investigation regarding the high rate deformation of Al-6061 especially close to the range of 104 s-1, as well as the high temperature behaviour under tensile loads.
These are the main aims of this paper, in which a testing campaign, performed in tension, by varying the temperature and the strain-rate, was performed on Al6061-T6 dog-bone specimens. The obtained experimental results were used in a hybrid analytical-numerical procedure for the identification of the material model parameters for the Johnson-Cook model. Results were also be discussed by means of microstructure observations of the fracture surfaces. 

3. Material and experimental testing campaign
The composition of the material under investigation, Al6061-T6, is reported in Table 1.  The chemical composition additionally analysed by means of an X-ray EDS (Energy Dispersive Spectroscopy) system, is also reported. 
The investigated range in the strain-rate started from a quasi-static condition and was extended up to 104 s-1 to reach a strain-rate closer to the ones developed during a ballistic impact phenomenon. In addition, to evaluate thermal softening and the coupling between strain-rate and temperature, tests at various temperatures were performed both in quasi-static and in dynamic regimes up to 400 °C. The experimental data analysis was performed in two steps: first, an analytical approach was followed by considering a limited range in strain (in order not to reach the necking condition); then a reverse engineering approach based on FE simulations was applied.


Table 1. Al6061-T6 chemical composition.
	
	Al %
	Mg %
	Si %
	Fe %
	Cu %
	Mn %
	Cr %
	Zn %
	Ti %

	Nominal
	98
	0.2 - 1.2
	0.4 - 0.8
	0.7
	0.15 – 0.4
	0.15
	0.04 – 0.35
	0.25
	0.15

	Measured 
	94 -97
	1.05 -1.45
	0.5 -1.06
	1.2
	0.46- 0.63
	0.11
	0.02
	-
	0.04



Fig. 1, shows an image of the specimens with specified dimensions. For the tests, up to a nominal strain-rate of 103 s-1 (at different temperatures) the geometry S1 was used with a gage length of 5 mm and a gage diameter of 3 mm. For tests at a very high strain-rate (104 s-1) the miniaturized specimen S2 was adopted which presents a gage length of 1.5 mm and a gage diameter of 1.5 mm. Additional quasi-static tests at room temperature were performed on this second geometry in order to compare the results. For each loading condition, at least 3 valid tests were performed in order to check the material scatter.

[image: ]
a)                                                                        b)
Fig. 1. Specimen geometry used in the testing campaign: geometry S1 for tests at different temperatures up to 103 s-1 (a); geometry S2 for very high strain-rate tests (104 s-1) and quasi-static tests at room temperature for comparison (b). 

The investigated strain-rate range varies between 10-3 and 104 s-1. The tests at low and medium strain-rate were carried out on standard electro-mechanical and servo-hydraulics testing machines, respectively. The high strain-rate tests were performed by using a Hopkinson bar setup [19]. For the tests nominally at 103 s-1 of strain-rate, a standard setup in the direct configuration was adopted [20]. For the tests nominally at 104 s-1 of strain-rate, an ad-hoc setup was used, which consists of a miniaturized setup developed for specimen S2, in which the diameter of the output bar was reduced accordingly with the specimen dimension. This setup allowed to reach higher strain-rates than those achievable with the standard setup, since the input bar velocity was about 25 m/s (reached in 10 s) [21]. This setup was coupled and synchronized with a high-speed camera (Photron SA5) and a pulsed light system for the measurements of kinematic quantities, especially for the input side: the high acceleration imposed to the system does not permit the use of any wired measuring system, such as strain-gages. Otherwise, on the output side the force and displacement measurements were performed by using semiconductor strain-gages. 
The investigated temperature range varies between room temperature and 400 °C. For the specimen heating an induction system was developed to concentrate the heat flux in the gage section of the specimens. The temperature was controlled on the measurements performed by thermocouples welded on the experimental setup due the problems associated with welding onto aluminium alloy: a preliminary calibration was performed to correlate the measured temperature with that of the gage section. The same system was used both for the quasi-static and dynamic tests.
	
3.1 Results
[bookmark: _Hlk519086632]Engineering stress-strain curves are reported in the diagrams of Fig. 2. The onset of instability and the consequent presence of necking, which in general takes a considerable part of the entire tests, do not permit showing the results in terms of true stress-strain curves, since their relationships are no longer valid when triaxial state of stress is developed. Moreover, they imply the use of an FE approach to get equivalent stress-strain curves which allow the comparison of   the results up to fracture (see the section below). The data were obtained from force-displacement curves exploiting nominal gage length and the cross-section area. The evaluation of the gage length deformation was based on the stroke measurement performed by using a digital elaboration technique on the gage length (e.g. optical extensometer). The temperature dependence of the Young’s Modulus was in accordance with the results shown in [22], where the thermal effect on the Young’s Modulus did not affect the final results when the attention was focused on the plastic behaviour of the material up to fracture (e.g. for high level of strain). Only one curve for each testing condition is shown, which is the closest one to the average curve: the average curve was not used to keep the link with a specific specimen for the final comparison between computed and experimental results (e.g. shape of necking region). An indication of the data scatter can be derived from the results reported in Table 2. For each loading condition average (indicated with “av”) and standard deviation (indicated with “std”) values of yield and ultimate stresses are reported. For high strain-rate tests, the evaluation of the yield stress is difficult, since the curves can present peaks and oscillations which are not related to the material behaviour, but they come from inertia and/or initial misalignments of the system. For this reason, a precise evaluation of the yield stress was not possible and only the average value was reported in the Table 2. Also the cross-section reduction was reported. As it is possible to notice, the scatter of the quasi-static results was very limited up to 250 °C, while it increased for higher temperatures. By increasing the strain-rates, the data scatter was higher in all the investigated temperatures above room temperature. The cross-section reduction was also measured for some specimens based on SEM images reported in Figure 4. These results agree with the different behaviour of the specimens, as far as ductility is concerned, shown in Figure 2. 

Table 2: Average and standard deviation values for yield and ultimate stresses for all the testing conditions
	
	TR
	100 °C
	200 °C
	250 °C
	300 °C
	400 °C

	Quasi-static (S1 specimen)

	y,av±std (MPa)
	299±3
	276±2
	229±5
	193±3
	105±7
	25±10

	u,av±std (MPa)
	325±2
	305±1
	238±1
	200±3
	108±6
	27±8

	Cross section area reduction (%)
	37 (Fig. 4a)
	-
	29 (Fig. 4b)
	-
	19 (Fig 4c)
	-

	Medium strain-rate (S1 specimen)

	y,av±std (MPa)
	304±3
	-
	-
	-
	-
	-

	u,av±std (MPa)
	341±2
	-
	-
	-
	-
	-

	High strain-rate (S1 specimen)

	y,av±std (MPa)
	320
	303
	273
	167
	105
	-

	u,av±std (MPa)
	348±3
	325±10
	285±7
	199±20
	151±5
	-

	Cross section area reduction (%)
	14 (Fig. 4d)
	-
	23 (Fig. 4e)
	-
	69 (Fig 4f)
	-

	Very high strain-rate (S2 specimen)

	y,av±std (MPa)
	340
	-
	-
	-
	-
	-

	u,av±std (MPa)
	360±20
	-
	-
	-
	-
	-

	Cross section area reduction (%)
	58 (Fig 4h)
	-
	-
	-
	-
	-



The material response at room temperature and different strain-rates is reported in Fig. 2.a for tests up to 103 s-1. As expected from the results reported in the scientific literature, up to a medium level of strain-rate the material was more or less insensitive to strain-rate and the increment in the material strength is low. A further increase in the strain-rate produced a considerable increment in the materials strength. The experimental data showed the mechanical responses were coherent in the uniform elongation phase, while a more scattered behaviour was obtained after necking. The results obtained for very high strain-rate are reported in Fig. 2.b and compared with the quasi-static result obtained on the same geometry.   The difference in the specimen dimension of the two geometries prevented a direct comparison of the engineering results since they are strongly influenced by the geometry.  The comparison could however be achieved by implementing FE models of the two geometries and comparing equivalent stress-strain curves [21, 23].  The comparison of the results of Fig. 2.a and 2.b in the pre-necking phase demonstrated a significant increase in the mechanical response of the material by passing from 103 to 104 s-1 of strain-rate. Fig. 3 shows some images of the necking phase extracted from high-speed videos for tests at room temperature at 103 and 104 s-1 of strain-rate.  Image analysis revealed that the necking induced in the S2 geometry was more pronounced than in the S1 one (as also underlined in table 2 as far as cross section area is concerned), which otherwise showed a more irregular deformation of the gage length. 
The engineering curves obtained by varying the temperature in quasi-static regime are shown in Fig. 2.c, while in Fig. 2.d the results obtained at 103 s-1 of strain-rate are summarized.
 [image: ]
Fig. 2. Experimental results in terms of engineering stress-strain: a) at different strain-rates and at room temperature for specimen S1; b) at different strain-rates and at room temperature for specimen S2; c) at different temperatures and at a quasi-static strain-rate for specimen S1; d) at different temperatures and at high strain-rate for specimen S1.

In the quasi-static regime, the material exhibited an early instability starting from 200 °C, which produced a decrement of the mechanical response just at the end of the elastic phase. On the contrary, at 100 °C the material behaviour was still characterized by the presence of a hardening phase before necking. In the dynamic regime, the change in shape at the onset of necking was not observed, since the material response at each temperature was always characterized by a first phase of hardening followed by necking. 
[image: ]
a)                                                                        b)
Fig. 3. High speed camera images during the necking phase and at fracture for 103 (a) and 104 (b) s-1 tests: the test at 103 s-1 was recorded at 50000 f/s with a resolution of 640×224 px; the test at 104 s-1 was recorded at 262500 f/s with a resolution of 384×56 px.
	 
3.2 Microstructure observation
In this section, the microstructure of the fracture surface of selected tested specimens at different loading conditions was studied by means of Scanning Electron Microscopy (SEM) fractography. The selected specimens correspond to the nominal testing conditions of Room Temperature (RT), 200°C and 300°C both in quasi-static condition and under strain-rate of 103 and 104 s-1. This means that both the S1 and S2 specimens were analysed. 
In Fig. 4, the images of the entire fracture surface (75× for S1 specimens and 150× for S2 specimens) are reported. Pictures 4.b (test at 200 °C and 10-3 s-1), 4.c (test at 300 °C and 10-3 s-1), 4.d (test at RT and 103 s-1) and 4.e (test at 200 °C and 103 s-1) show a more regular circular fracture surface. Specifically Figure 4.a (test at RT and 10-3 s-1) shows a more pronounced shrink of the failure section with respect of the test carried out in quasi-static condition but at different temperatures reported in Fig. 4.b (test at 200 °C and 10-3 s-1), Fig. 4.c (test at 300 °C and 10-3 s-1). This behaviour is consistent with the curves reported in Fig. 2.c, where the specimen at RT showed a slight increase in strain at failure thus a larger ductility. On the contrary, in accordance with the results reported in Fig. 2.d a different behaviour is expected when high strain-rate is investigated: when specimens were tested at 103 s-1, strain increased strongly at failure for 300°C. This was clearly confirmed also by comparing figures 4.d (test at RT and 103 s-1) and 4.e (test at 200 °C and 103 s-1) with figure 4.f (test at 300 °C and 103 s-1). Specifically, the latter shows a remarkable shrinking of the failure surface.


[image: ]
Fig. 4. SEM images. S1 specimens at:  a) RT and 10-3 s-1, magnification 75×; b) 200 °C and 10-3 s-1, magnification 75×; c) 300 °C and 10-3 s-1, magnification 75×; d) RT and 103 s-1, magnification 75×; e) 200 °C and 103 s-1, magnification 75×; f) 300°C and 103 s-1, magnification 75×; S2 specimens at: g) RT and 10-3 s-1, magnification 150×; h) RT and 104 s-1, magnification 150×.
[image: ]
Fig. 5. SEM images magnification 1500x. S1 specimens at:  a) RT and 10-3 s-1; b) 200 °C and 10-3 s-1; c) 300 °C and 10-3 s-1; d) RT and 103 s-1; e) 200 °C and 103 s-1; f) 300°C and 103 s-1; S2 specimens at: g) RT and 10-3 s-1; h) RT and 104 s-1. Some features (however the selection is not comprehensive) are been highlighted in green (voids and microvoids) and red (dimples) 

In Fig. 5, the SEM images, at a magnification of 1500×, are reported for the same loading conditions. Coalesced voids, microvoids and dimples were present in all the images: this confirms the ductile behaviour expected for Al6061-T6 [24]. In quasi-static and RT condition, as reported in Fig. 5.a, macroscopic voids intermingled with finer microscopic voids were present. A slightly more regular pattern was visible by increasing the temperature in quasi-static condition, as in Fig. 5.b (test at 200 °C and 10-3 s-1) and 5.c (test at 300 °C and 10-3 s-1). However, size of the dimples did not change considerably with temperature.
By increasing the strain-rate, the size of dimples was reduced: the difference is clearly visible by comparing Fig. 5.d (test at RT and 103 s-1) with Fig. 5.a (test at RT and 10-3 s-1). Even at a high strain-rate, the SEM analyses confirmed the ductility trend expected from experimental stress-strain curves, for which in high dynamic loading condition, by increasing the temperature, the strain at failure increased, especially for the 300°C. This behaviour was also evident in the cross sections that show an increasing percentage reduction moving from Figure 4d, 4e, 4f (see also table per percentage figures). This behaviour is also clear in Fig. 5.f (test at 300 °C and 103 s-1), which showed an increase in the size of the voids. 
Finally, by moving to the small specimens S2, the quasi-static test (Fig. 4.g) was characterized by a fracture surface with a cup-cone shape with a propagation of the fracture surface that moved at 45° toward the periphery. This propagation behaviour was similar to the result obtained for specimen S1 in a similar condition (Fig. 4.a). Additionally, also the microstructure images of the two cases were very similar, as highlighted by the comparison between Fig. 5.g (test at RT and 10-3 s-1 on S2) and Fig. 5.a (test at RT and 10-3 s-1 on S1). Specimen tested at a very high strain-rate, e.g. RT and 104 s-1 (see Fig. 4.h and 5.h), showed a fracture surface with deformed dimples, that can explain the increase in ductility as registered in Fig. 2.b. For very high strain-rates also the cross-section percentage reduction was remarkable, see Figure 4h and Table 2.   In any case, a final conclusion should be drawn by considering the effective plastic strain at failure, since the result could be strongly geometry dependent. This could be achieved by performing the FE analysis of the different loading conditions, once the strength material model is identified, and by comparing the effective plastic strain at the end of the test.
EBSD were also performed for the selected loading conditions, with a magnification of 1000×. In Fig. 6 one of them is reported, which corresponds to the quasi-static test at 200 °C. The analyses are reported in Table 1 and confirmed the nominal chemical composition, as also reported in Table 1. Moreover, an iron rich phases was found inside the voids as well as the presence of oxides at high temperatures. 

[image: ]
Fig. 6. EBSD of specimen tested at 200°C and 10-3 s-1, magnification 1000×.

4. Data analysis
A preliminary analysis of the results was performed by using a simplified approach to estimate the strain-rate and the thermal softening sensitivities for the Johnson-Cook model, by focusing the attention at low strain values, e.g. 5% which means before necking for the most part of the loading conditions. This value was chosen in order to overcome the oscillation at high strain-rate regimes. In this phase, a uniform elongation was expected and an equivalent stress-strain curve could be simply obtained from the engineering results. On the contrary, a reverse engineering approach is necessary when the analysis is extended to higher values of strain and during the necking phase (see section 4.1). 
For the preliminary analysis all the repetitions of each experimental testing condition were considered, hence the experimental data scatter was considered.
With regards to the thermal softening evaluation, the true stress was calculated for a true plastic strain of 5% and reported in the diagram of Fig. 7.a, in which each datum was plotted at the initial testing temperature. The quasi-static and dynamic data were normalized by the corresponding average value at room temperature, in accordance with the J-C formulation. The comparison between quasi-static and high strain-rate results showed the thermal softening was quite insensitive to the strain-rate: the distance between the quasi-static and dynamic data for the tests at the same temperature was lower than the average experimental data scatter. This result justifies the use of the multiplicative model such as the J-C one.   
The trend of the material strength as a function of temperature assumed the typical s-shape, with a sharp transition between 200 and 300 °C and a different behaviour for higher temperatures. For this reason, the quasi-static data at 400 °C was neglected, while all the other data were fitted with the J-C formulation. In the optimization process based on Mean Squared Error (MSE) both m and Tm (without any physical meanings) were considered as optimization variables. In this way, the parameter Tm was interpreted as the maximum temperature for which the material strength could not to be neglected. The prevision of the thermal softening model is reported in the diagram of Fig. 7.a as a solid line (m = 2.19 e Tm = 633 K) and reproduced the material response over the considered entire range of variation in temperature with a sufficient level of accuracy. With respect to the results reported in [15], the model prediction capacity was considerable improved, especially for temperatures above 200 °C: this is mainly due to the fact that the model in [15] was obtained without performing the tests at different temperatures, but the thermal effect was only derived from adiabatic heating of Hopkinson Bar tests.
[image: ][image: ]
Fig. 7. Preliminary evaluation of the thermal softening (a) and strain-rate (b) sensitivities in accordance with the J-C model (T model / S-R model).

A similar procedure was applied for the trial estimation of the strain-rate sensitivity. Also in this case, the true stress values were obtained in correspondence of a true plastic strain of 5% and then normalized with respect to the interpolated value at 1 s-1 (in accordance with the original formulation of the J-C model). The data are reported in Fig. 7.b and each of them was assigned to the nominal strain-rate. This choice was related to the fact that the effective strain-rate could not be directly derived, since it depends on the effective portion of material which is deforming. Moreover, it is not constant during the entire test, since necking concentrated the deformation and of course also the strain-rate (and temperature, in adiabatic tests). In a Hopkinson Bar, in which usually a constant incident wave is used, the strain-rate profiles are derived from the difference between the incident wave and the transmitted force: hence also in the hardening phase the strain-rate is not constant and has the same profile of the force (e.g. engineering stress). For all these reasons, the effective strain-rate trend and distribution along the specimen could be indirectly obtained, once the material model was calibrated, by using the FE simulations in which the experimental boundary conditions were imposed (see section 5). 
As anticipated, the strain-rate sensitivity was low up to 103 s-1, while it showed a significant increase starting from 104 s-1. The threshold was fixed to the nominal strain-rate of high strain-strain tests (e.g. 103 s-1) and the data obtained with the Hopkinson Bar tests were fitted with a linear function in the semi-log plane. In accordance with the J-C formulation implemented in LS-DYNA [25], the strain-rate effects were completely neglected under the threshold at 103 s-1. The obtained model was reported as a dashed line and was used as a starting point in the reverse engineering approach based on the FE simulations described in the next section.

4.1 Reverse engineering approach
The reverse engineering approach was based on FE simulations of the experimental tests and the parameter identification was driven by the comparison between the experimental and computed quantities. The FE simulations considered non-uniform strain, temperature and strain-rate distributions inside the specimen caused by a triaxial state of stress induced by necking as well as the coupling effect between temperature and strain-rate in adiabatic loading conditions, which became more significant at high deformation.
The procedure was divided into two steps: the determination of the hardening parameters and the tuning of the strain-rate sensitivity, while the thermal softening coefficients were fixed to those obtained from the preliminary analysis. A more in-depth description of the procedure can be found in [23].
A numerical model for each test (in the quasi-static and dynamic regimes as well as on the two geometries) was modelled in LS-DYNA. The specimens were modelled via 2D axisymmetric elements and boundary conditions (e.g. displacement and constraints) were applied in order to reproduce the different loading conditions. 
The optimization was performed using the software LS-OPT and the iterative procedure was based on the comparison between macroscopic quantities such as the force-displacement curves. The hardening parameters of the J-C model were identified based on the experimental data obtained from the quasi-static test at room temperature. The optimized parameters were: A = 225 MPa, B = 184 MPa and n = 0.157.  The parameter A was not fixed a priori to the yield stress in this loading condition but was numerically optimized: this allowed the addition of one more optimization variable, which led to a better minimization of the difference between computed and experimental curves. The second step of the procedure was the implementation of a multi-case optimization on the dynamic tests (e.g. tests at 103 and 104 s-1). The optimized material parameters were: C = 0.0396 and  = 162 s-1, which represented the strain-rate sensitivity threshold:  below this value any effects of strain-rate were neglected. As previously discussed also for strain and temperature sensitivities, the choice to optimize also the threshold added a degree of freedom which provided better results in comparison to the choice to fix a priori the threshold to the nominal value of the high strain-rate test (as performed in the preliminary phase, see fig. 7.b). This came from the fact that the result of a Multi-Case Optimization process, like that reported in this paper, is a set of parameters which allowed to reach the best compromise among all the objective functions to be minimized.

5. Discussion
In relation to the field of application of the investigated material, which is the numerical simulation of impact events, the attention was focused on the understanding if the identified material model is suitable to reproduce dynamic loading conditions. Hence, the complete set of parameters was used to reproduce the dynamic results on both the geometries. Also the model predictions of the quasi-static cases are reported since they represent the reference condition. The comparison between the computed and the experimental force vs. the displacement curves is reported in Fig. 8.  The model was clearly able to reproduce the different loading conditions with a good level of accuracy. A quite significant discrepancy was obtained for the test at 103 s-1 at high values of strain, caused by the particular irregularity of the necking phase. Both the estimated strain-rate sensitivity as well as the temperature dependence obtained from the Multi-case Optimization procedure were able to correctly predict the strength increment due to strain-rate and the thermal softening occurring in adiabatic loading condition and the high level of the effective plastic strain. With respect to the results reported in previous works, the main finding of the present paper is that a strength model was calibrated which can be applied for both high dynamic and high temperature applications up to fracture. 
This set of parameters was also used in the numerical simulation of the quasi-static test on the geometry S2 (which was not taken into consideration for the parameter identification): the computed results were in accordance with the experimental ones. This demonstrated the portability of the model and the fact that the material behaviour was not expected to be influenced by the geometry. This result is in accordance with the result of the microstructure analysis, which revealed similar behaviour for the two geometries.

[image: ]
Fig. 8. Comparison between experimental and computed force vs. displacement curves for the quasi-static and dynamic tests performed on an S1 and S2 geometry.


[bookmark: _GoBack]Figure 7b and Table 3, that collect the optimized material model parameters for the Johnson-Cook model obtained in the present work, highlight that Al6061T6 was sensitive both to temperature and strain-rate. It is worth to mention that these parameters were obtained by a reverse engineering approach that allowed to take into account the mutual interaction of the temperature and the strain-rate in the hardening curves. Focusing on the strain-rate effect and especially on the parameter C, in [14] a range between 0.083 – 0.024 was identified while in [10] (the most cited paper as far Al6061T6 material parameters for J-C are concerned) a lower value of 0.002 was reported. In the present work a higher level of strain-rate was reached (greater than 104 s-1) during the experimental tests. As in [7,9,12], also in the present work an increase in strength between 103 and 104 s-1 was found and this behaviour had to be correctly considered in the calibration of the material model. Moreover, in the present work  (the threshold value) was chosen as a parameter to be optimized. This allowed a better description of the strain-rate effect: a steady value for a low condition and a steeper variation for higher strain-rate conditions. The lower C value reported in [10] could still be used for a low strain-rate regime (as shown in figure 7b) but for the simulation of events with a higher strain-rate this new approach should provide better results due to its ability to describe the peculiar kink observed by the present authors and in [7,9,12] in the range between 103 and 104 s-1. 
 A further evaluation of the capability of the model to correctly predict the material response was performed by comparing experimental and computed results in terms of the deformed shape in the necking region. The qualitative comparison is reported in Fig. 9 for the dynamic tests on the two geometries. The model correctly generated the experimental necking shape. 
Since the validity of the model was demonstrated, the numerical results were used to investigate the actual distribution of strain, temperature and strain-rate inside the specimen. The prevision of the trend of the effective plastic strain at failure with a strain-rate obtained from the fracture analysis was confirmed. Different geometries but tested at the same strain-rate reached similar strain at failure. As a function of strain-rate, a reduction in ductility was found by passing from quasi-static to high strain-rate, while an increment was obtained at a very high strain-rate. The temperature and strain-rate distributions at a fixed time during necking are reported in Fig. 9. These maps allowed the evaluation of the temperature increment due to adiabatic self-heating, the localization of deformation induced by triaxiality and the consequent non-uniform distribution of the strain-rate, which increased substantially during the test in the deformed region. As anticipated, in the tests at 104 s-1 of strain-rate, a more pronounced necking was developed. This was also confirmed by the computed distribution, which was more uniform over the specimen gage length in the model reproducing the test at 103 s-1 of strain-rate. For the strain-rate distribution, the maximum (red) computed value was 3000 s-1 on S1 and 50000 s-1 for S2. For the temperature increment distribution, the maximum (red) computed value was 45 °C on S1 and 160 °C for S2.

[image: ]
a)                                                                        b)
Fig. 9. Qualitative comparison between the experimental and computed deformed shape for the dynamic tests performed on the S1 (a) and S2 (b) geometry; spatial distribution on the specimen of strain-rate and temperature (maximum values: red; minimum values: blue).

5. Conclusion
In the present work, a testing campaign was performed in tension by varying the temperature and the strain-rate on Al6061-T6. The obtained experimental results were used in a hybrid analytical-numerical procedure for the identification of the material model parameters for the Johnson-Cook model.
With respect to previous works, available in the scientific literature, the range of strain-rate was extended up to 104 s-1 and coupled testing conditions at high strain-rate and temperature (up to 400 °C) were investigated. This is a very consistent step because, as highlighted in the introduction, previous research showed a change in the material behaviour in between 103 and 104 s-1 but with practically no test close to 104 s-1 thus extrapolating the trend for higher strain-rate. The high strain-rate testing conditions, in the present research, were reached by means of a Split Hopkinson tension setup in a direct configuration. The experimental data showed the temperature sensitivity of the material with a sharp reduction of the mechanical strength between 200 and 300 °C. With regards to the strain-rate sensitivity, the material was shown to be insensitive at low strain-rate and while it became more sensitive starting from 103 s-1. The data obtained are extremely valuable especially for the identification of the material parameters by means of a constitutive law that can be exploited for the simulation of components and systems under extreme loading condition. 
The procedure applied for the identification of the Johnson-Cook is a hybrid analytical-numerical one. In a preliminary phase, thermal softening and strain-rate sensitivities were identified based on true stress-true plastic strain curves at low values of deformation. In a second phase, a reverse engineering procedure was implemented based on FE simulations of quasi-static and dynamic tests. The aim was the determination of the hardening parameters and the tuning of the strain-rate sensitivities.  The final results of the optimized material model parameters for the Johnson-Cook model obtained in the present work are reported in Table 3. The comparison of the experimental and computed results in terms of both force-displacement curves and deformed shape during necking clearly demonstrates the capability of the model to predict the material response in different loading conditions. The numerical models were also used to evaluate the real distribution of strain, strain-rate and temperature inside the specimens. The post-mortem analysis of the microstructure of the fracture surface was performed and allowed to obtain information about the trend of ductility, which was confirmed by the model prevision. 



Table 3. Optimized material model parameters for the Johnson-Cook model obtained in the present work.

	A
	B
	n
	C
	

	Tm
	m

	225 [MPa]
	184[MPa]
	0.157
	0.0396
	162 s-1
	633 K
	2.19
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