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Abstract

[bookmark: OLE_LINK2]A novel hot stamping technique known as ‘Solution Heat treatment, Forming and in-die Quenching (HFQ®)’ was employed to manufacture lightweight structural components from AA6082 tailor-welded blanks (TWBs) of different thickness combinations: 1.5-1.5 and 2.0-1.0 mm. A finite element (FE) model was built to study the deformation characteristics during the hot stamping process. The FE model was successfully validated by comparing simulation results with experimental ones. Subsequently, the verified simulation results were analysed through a novel multi-objective FE platform known as ‘Knowledge-Based Cloud – Finite Element (KBC-FE)’. KBC-FE operates in a cloud environment and offers various advanced unique functions via functional modules. The ‘formability’ module was implemented in the current study to predict the limiting dome height and failure mode during the hot stamping process. Good agreements were achieved between the predicted and experimental results, from which studies were extended to predict the forming features of 2.0-1.5 mm TWBs. The ‘formability’ module has successfully captured the complex nature of a hot stamping process, featuring a non-isothermal and non-linear loading path. The formability of TWBs was found to be dependent on forming speed and blank thickness, out of which the latter has a dominant effect. 

 HFQ® is a registered trademark of Impression Technologies Ltd.
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1. Introduction
With increasing concern about the environment, organisations worldwide have set ambitious targets for CO2 emission reduction, especially in Europe. The European commission has enforced legislations that require all new cars to emit less than 130 g of CO2 per km in 2015 and a further 27% reduction to 95 g of CO2 per km by 2021 (European Commission, 2017). 
Aluminium alloys have become increasingly attractive to the automotive industry due to the requirement for lower vehicle weight and reduced fuel consumption, with more and more vehicles adopting parts made of aluminium alloys (Tisza, 2015). In addition to utilising lightweight materials, the use of tailor-welded blanks (TWBs) could reduce the weight even further (Merklein et al., 2014). TWBs are made of blanks of various materials or thickness combinations, where the blanks are welded prior to deformation (Kinsey and Wu, 2011). The use of TWBs allows parts to be formed in a more efficient manufacturing process. Several welding techniques are available, which includes arc welding, tungsten inert gas welding (Tarng et al., 1999), laser beam welding (Boukha et al., 2012) and friction stir welding (Mishra and Ma, 2005). Laser beam welding is commonly used because of the benefits, such as high productivity and superior welding qualities.
In the past, tailor welded blanks were mainly composed of steels, research includes the studies in the formability of steel TWBs of different thickness (Gaied et al., 2009), and the mechanical characteristics of TWBs made of dissimilar high strength steel (Xu et al., 2014). In the case of dissimilar high strength steel, the difference in material strength resulted in a non-uniform strain distribution, in which failure occurred on the weaker high-strength low-alloy (HSLA) side (Panda et al., 2009). The effects of welding parameters on the strength and microstructural properties of the TWBs were studied (Winiczenko, 2015). Welding parameters were optimised to achieve the hardness and tensile strength of the parent material (Fratini et al., 2007). Upon the successful application of steel TWBs, research work extended to steel-aluminium TWBs to achieve weight reduction. Previous studies indicated that such multi-material TWBs could produce superior deep drawn parts but formability is highly dependent on the material combinations and forming parameters. Steel was combined with different grades of aluminium alloys to assess the formability and mechanical behaviour of the TWBs, examples of such combination includes mild steel-AA5xxx (Tanaka et al., 2015), high strength steel-AA6xxx (Khan et al., 2014), and high-strength/mild steel-AA6016 (Padmanabhan et al., 2008). For Al-steel TWBs, as blank thickness ratio increased, formability decreased and a greater shift of the weld line occurred due to the greater material flow in the aluminium part. With increasing emphasis on vehicle mass reduction, recent research has shifted toward the study of Al-Al TWBs. The study of similar (Liu et al., 2015a) and dissimilar (Leitão et al., 2009) Al-Al TWBs have reported that the formability was highly sensitive to the mismatch in mechanical properties between different physical zones of the TWBs. At room temperature, studies of the mechanical behaviour of Al-Al TWBs showed that the variations in mechanical properties amongst different zones of a TWB resulted in limited ductility, especially at the weld zone (Feistauer et al., 2014). Given the limited formability of Al blanks at room temperature, studies on heat treatment were conducted and results showed that the post-heat treatment and solution heat treatment greatly enhanced the formability of the TWBs (Bhanodaya Kiran Babu et al., 2014). 

The introduction of a novel high temperature forming technique known as “Solution Heat treatment, Forming, and in-die Quenching” (HFQ®) (Foster et al., 2013) has greatly enhanced the formability of aluminium blanks, as well as tailor welded blanks, enabling the forming of complex shaped aluminium alloy parts. During the HFQ® process, the material is first heated up to the solution heat treatment temperature, allowing the precipitates to be fully dissolved into the aluminium matrix (Lin and Dean, 2005); the hot blank is then formed and simultaneously quenched within the cold tools. Liu et al (2016) showed that the mechanical strength of AA6082 can be restored after HFQ® forming, where the full mechanical strength of TWB (welded in T6 temper) that undergoes solution heat treatment, cold die forming and artificial ageing has been retained (equivalent to its T6 temper). 

Warm forming of TWBs through limiting dome height test demonstrated an improved formability in both case of similar and dissimilar aluminium TWBs (Enz et al, 2014). Deep drawing tests have been frequently utilised to investigate the forming characteristics of tailor welded blanks, such as weld-line movement (Choi et al, 2000) and drawability of the material by identifying the limiting drawing ratio (Bandyopadhyay et at, 2015). Furthermore, the study of stretch forming also contributes greatly to the understanding of sheet metal forming process. The loading path revealed by biaxial stretching is representative of that encountered in the stamping of complex shaped automotive components from TWBs (Panda et al, 2008). In particular, limiting dome test is beneficial in the study of necking characteristics and assessing the formability of TWBs (Gaied, 2009). In the study of AA2219 TWBs, stretch forming was utilised to investigate the forming limits of the TWBs, in which the use of post-heat treatments showed an improvement in the material formability (Gnibl and Merklein, 2013).

Finite element (FE) modelling has been widely adopted to analyse and optimise the sheet metal forming processes. FE analysis was conducted to study the formability of Al TWBs (Zadpoor et al., 2009a). Zadpoor et al. (2009b) studied four different modelling methods for formability prediction of AA2024-T3 and concluded that both ductile fracture model and Marciniak-Kaczynski (M-K) (1967) models generated good agreements. Previous research mainly focused on the determination of forming limit diagrams at constant temperatures and constant strain rates (Chan et al., 2003). However, under warm and hot stamping conditions, the formability of sheet metal varies depending on temperature, strain rate and strain path, thus an advanced forming limit prediction model would be needed to account for the dramatic temperature drop due to the cold die quenching effect, as well as severe variations in the strain rate and loading paths. Effect of temperature on forming limit diagram (FLD) has been extensively studied for warm forming conditions. Tisza et al (2016) studied the effect of temperature on the FLDs for AA5754 and AA6082, while Naka et al (2001) investigated the effect of forming speed at warm forming conditions for AA5083.
The aim of the present work is to comprehensively investigate the above scientific issues via a case study of advanced FE analysis of AA6082 TWBs formed under hot stamping conditions. The formability of AA6082 TWBs with different thickness combinations of different forming speeds was evaluated via both experiments and simulations. An advanced temperature, strain rate and strain path dependent FLD prediction model (El Fakir et al., 2014) was implemented to predict the formability of different TWBs. The formability prediction for a hot stamping process was realised in the form of an advanced functional module, as opposed to user-defined subroutines. This novel simulation technique is known as ‘Knowledge-Based Cloud – FE” (KBC-FE) simulation (Wang et al., 2016a). The KBC-FE technique operates in a cloud environment where advanced functional modules are accessed through a dedicated online multi-objective platform (Zhou et al., 2016), which offers cross-disciplinary knowledge and in-depth analysis on different metal forming processes.
2. [bookmark: _Toc429573677]Experiment
2.1 [bookmark: _Toc429573678] Experimental setup
Hemispherical dome tests were carried out to study the formability of AA6082 TWBs, where the limiting dome height was evaluated. The composition of the material is shown in Table 1. Two combinations of thickness were studied experimentally, i.e. 1.5-1.5 and 2.0-1.0 mm. The TWBs were welded by joining two pieces of 70×140 mm2 blanks using a Nd:YAG laser source through a 0.2 mm fibre with a power of 2.1 kW, at a welding speed of 25 mm/s. The weld seam was orientated parallel to the rolling direction of the material.
Table 1
The chemical composition of AA6082.
	Element
	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Al

	Wt %
	0.9
	0.38
	0.08
	0.42
	0.7
	0.02
	0.05
	0.03
	Bal.



Tests were conducted on a 25 tonne ESH single action press. For TWBs of different thickness, multiple top blankholders were made to accommodate the thickness difference of the TWBs. Top blankholders were modified with a step change equivalent to the thickness difference of the TWBs to ensure a full contact between the TWB and tools, as shown in Fig. 1. During the experiment, the blank was clamped between the top and bottom blankholders, and the punch was in contact with the flat side of the TWB during forming. Tests were carried out under HFQ® conditions, i.e. the TWB was firstly heated to 525oC in the furnace, which is above its solution heat treatment temperature, and maintained at this temperature for 1 min to allow for the dissolution of second phase particles; the TWB was then transferred to the cold die and formed at an initial temperature of 450°C. During the stamping process, the blankholders with drawbeads held the TWBs by applying a constant blankholding force of 20 kN via two gas springs. The blank was formed with the punch centre aligned to the centre of the blank to ensure an evenly distributed load was applied. The temperature of the blank was monitored by thermocouples. Tests were carried out at three forming speeds, i.e. 75, 250 and 400 mm/s, to investigate the effect of forming speed on the forming behaviour. The process is illustrated in Fig. 1. Under the limiting dome height tests, the punch strokes were set to values where localised necking initiated. Each forming condition was repeated three times to ensure the repeatability and reliability.
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Fig. 1. Schematic diagram of the HFQ® forming process (Liu et al., 2016).
2.2 [bookmark: _Toc429573679] Experimental results
Limiting dome height (LDH) is used as a useful measurement to compare the formability of TWBs with different thickness combinations. Under HFQ® conditions, experiments showed that the LDH of 1.5-1.5 mm TWB was indifferent from the 1.5 mm monothetic blank without welding (250 mm/s, LDH = 16 mm), as shown in Fig. 2a and 2b. Two failure modes were observed from the HFQ® dome tests: circumferential failure and parallel failure. In the case of circumferential failure (Fig. 2a and 2b), necking initiated around the circumference of the dome about half way through the dome height. For the 2.0-1.0 mm TWB, necking initiated at a short distance parallel to the weld line in the thinner blank (1.0 mm blank), defined as parallel failure, as shown in Fig. 2c. 
[image: D:\PhD work\Publication\Small dome\Revision 4\Photo\Figure 2.tif]
Fig. 2. HFQ® formed parts of (a) 1.5 mm monolithic blank, (b) 1.5-1.5 mm TWB, and (c) 2.0-1.0 mm TWB at 250 mm/s.
The effects of forming speed and TWB thickness on the LDH are shown in Fig. 3. In general, the limiting dome height increased as speed increased, although the trend for 2.0-1.0 mm TWBs was not as significant as the 1.5-1.5 mm TWBs. The increase in the forming speed reduced the quenching time and hence an increase in LDH was observed due to a higher blank temperature. On the other hand, the higher forming rate would lead to a higher strain rate during hot stamping, which could be detrimental to the formability. For the range of forming speeds studied, the temperature effects played a more dominant role than the strain rate effects. Therefore, an increasing limiting dome height with increasing forming speed was observed. However, if the forming speed is further increased, the strain rate effects will be more pronounced and this will lead to a reduction in the LDH. The linear increase in the LDH was only noticeable with the 1.5-1.5mm TWB at the testing conditions used in the present research. Whilst forming speed has a relatively small influence on LDH, TWB’s thickness combination has a pronounced impact on the LDH. The formability reduced substantially when the non-uniform TWBs of thickness 2.0-1.0 mm were used, compared to that of uniform thickness of 1.5-1.5 mm. As the blank thickness difference increases, a higher level of plastic strain occurs in the thinner blank. During the stamping process, two sides of the TWB were subject to the same forming load from the punch, and therefore stress concentration induced strain localisation within the thinner side, leading to the onset of localised necking. 
[image: ]
Fig. 3. Limiting dome heights of TWBs formed at various forming speeds under HFQ® condition.
3. Knowledge Based Cloud – Finite Element (KBC-FE) Simulation 
Understanding the thermo-mechanical behaviour of the workpiece is becoming crucial in order to optimise the forming process. It has brought challenges to the development of advanced theories and models, which are now realised by sophisticated user-defined subroutines. As an alternative, a novel FE simulation technique known as the Knowledge-Based Cloud FE simulation (Wang et al., 2016a) has been developed and implemented in this study. KBC-FE reduces computational cost by introducing the application of functional modules on a cloud computing environment, as well as enabling selective computing. Not only does it offer cross-disciplinary knowledge on sheet metal forming, but also strategic analysis that could guide future research. The structure of KBC-FE is illustrated in Fig. 4. The technique still requires the use of traditional FE simulation software, where engineers build and run their conventional FE simulations on a local computer. The outputs from the simulation are then imported onto a dedicated online multi-objective cloud FEA platform, where data are centrally managed and processed. Based on the functions selected, the required simulation outputs are sent to the functional modules where computations are performed. Results generated from the desired module allow user to assess the performance of selected elements, with the option to display results visually back onto the original FE model.
[image: D:\PhD work\Publication\Small dome\Figures for submission\Figure 4.tif]
Fig. 4. Structure of Knowledge Based Cloud FE simulation (Wang et al., 2016a).
Each module has its unique function, such as formability prediction or tool life prediction (Wang et al, 2016a) etc., where the user has the flexibility to select single or multiple modules depending on their needs. In the case of ‘formability’ module, major strain, minor strain and temperature data from a verified FE simulation are imported onto the multi-objective platform, from which ‘formability’ is selected and computation is carried out within the module. The computed results are then send back to users via the platform with the option to be visually displayed onto the simulated part. The collaboration between the modules of the cloud system has greatly enhanced the efficiency of FE simulations. In addition to being flexible and customisable, it has greatly broadened the capability of FE codes.
3.1 [bookmark: _Toc429573681] Finite element simulation of the HFQ® forming of TWBs
In the present research, the application of KBC-FE technique is demonstrated through the implementation of the ‘Formability’ module, which is developed for the formability prediction of a sheet metal deformed under complex loading conditions, e.g. in a hot stamping process. The FE simulation was carried out on a local computer using PAM-STAMP. Through the multi-objective platform, required simulation outputs from the verified simulation were submitted into the forming limit prediction module for failure prediction computation. Results generated from the forming limit prediction module were then returned to the user via the multi-objective platform, from which results were displayed locally in PAM-STAMP.
3.1.1 FE Simulation setup
An FE model of the dome test was built in PAM-STAMP. The simulation model consists of four components as shown in Fig. 5a. During the simulation, the TWB was held in place by a top and a bottom blankholder providing a constant blank holding force. The punch moved vertically to a pre-set stroke and deformed the blank, forming a dome shape as shown in Fig. 5b. 
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[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Fig. 5. PAM-STAMP simulation model (a) cross-sectional view, and (b) HFQ® formed TWB part.
All tools were defined as rigid bodies with all degrees of freedom restrained, except for the top blankholder and the punch with vertical direction (z-direction) unconstrained. The TWBs were designed by using the ‘tailored blanks’ function in PAM-STAMP, where a weld line was defined to create two sub-blanks from which the sub-blank thicknesses were defined. The HFQ® forming technique can eliminate the welding effects and restore the mechanical properties of the welding zone and HAZ, thus the weld zone and HAZ have the same mechanical properties as the parent material. Shell elements with a mesh size of 2 mm were used for the TWBs, the blank was allowed to deform freely during forming. The stamping stage was split into 20 sub-stages allowing the analysis of each individual step throughout the incremental deformation process.











A temperature and strain rate dependent viscoplastic material model (Eqs. 1-10) for AA6082 (Garrett et al, 2005) was implemented in the FE simulation and the functional module. The model enables the effect of solution heat treatment on viscoplastic flow of AA6082 to be predicted, and the model covers the typical strain rate and temperature range for HFQ® forming process. In Eq. 3, the dislocation based hardening parameter  is expressed as a function of normalised dislocation density shown in Eq. (4), which depends on the plastic strain, static and dynamic recovery. Eqs. (5) to (10) represent the temperature-dependent parameters in the form of Arrhenius equations. The parameters,,, ,and are temperature-dependent material constants, which were determined experimentally, while,  are temperature-independent material constants.  is the gas constant. This mechanism based viscoplastic material model enables the flow stress of the workpiece material to be modelled precisely. Moreover, it allows the material responses to variations in strain rate and temperature to be captured accurately. 
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The viscoplastic material model was calibrated for AA6082 through high temperature uni-axial tensile tests using a Gleeble Simulator. The testing matrix was designed to reveal the viscoplastic behaviour of AA6082 under the hot stamping condition (Wang et al., 2016b). Table 2 shows the calibrated material constants of the viscoplastic material model for AA6082.

Table 2
Material parameters for AA6082.
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	2.69
	16233
	0.14
	11704
	0.074
	31049
	0.027
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	3
	5876.8
	5
	14
	4141.2
	18840
	5865.0


The physical parameters of the blank and tools are listed in Table 3, and the main simulation parameters are shown in Table 4. In the present research, the lubricant used was a graphite based grease. The tribological behaviour of this lubricant has been studied using a high temperature tribometer. It was found that the coefficient of friction under full film contact condition was approximately 0.35 under hot forming conditions (Hu et al, 2016). As such, a constant friction coefficient of 0.35 was used in the FE simulations at the workpiece/tooling interfaces. The formability of the TWBs was investigated by varying the stamping speeds and the thickness combinations of TWBs. 
Table 3 
Material properties in PAM-STAMP of TWBs and tools. 
	Property
	AA6082
	Tool steel

	Thermal conductivity (kW/mm K)
	170
	20

	Specific heat (mJ/tonne K)
	8.9E8
	6.5E8

	Density (tonne/mm3)
	2.7E-9
	7.8E-9

	Poisson’s ratio (-)
	0.33
	0.3

	Young’s modulus (GPa)
	Temperature dependent (John Gilbert Kaufman, 1999)
	210

	Heat transfer coefficient (kW/mm2 K)
	Contact pressure and gap dependent (Foster et al., 2008, Liu et al., 2015b)



Table 4
Main process and simulation parameters
	Initial workpiece temperature (oC)
	450

	Initial tooling temperature (oC)
	20

	Punch speed (mm/s)
	75, 250,400

	Friction coefficient (-)
	0.35 (Liu et al., 2016)


3.1.2 Verification of the FE simulation results	
The simulation results were verified through thickness reduction comparisons between simulations and experiments. The experimental results were captured by the ARGUS system, which is an optical strain analysis software developed by GOM (GOM, 2009). ARGUS allows upper surface major strain to be obtained through multiple photo shoots and software post-processing. Simulation results were obtained by exporting the upper membrane major strain distribution from PAM-STAMP. Fig. 6a shows the 3D thickness reduction contours from the experiment and Fig. 6b shows the post-forming thickness reduction comparison between experiment and simulation results. Thickness reduction along the curvilinear distance was obtained by taking a 2D cross-sectional view perpendicular to the weld line. The same cross-section was selected in ARGUS for comparison.
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Fig. 6. (a) 3D contours of thickness reduction distributions measured in experiment, and (b) thickness reduction comparison between experimental and simulation results for the 1.5-1.5mm TWB formed at 250 mm/s under HFQ® condition.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]As shown in Fig. 6b, simulation and experiment results showed a good agreement. For the 1.5-1.5 mm TWB, localised necking initiated around the circumference region of the dome, which was also observable on the specimens shown in Fig. 2a and 2b, this type of failure is classified as a circumferential failure. Since the two parts of the 1.5-1.5 mm TWBs have equal thickness, the weld line stayed in the centre after forming and the thickness reduction on both sides of the weld line was symmetrical. As the punch stroke increased, the blank was stretched from the centre region first. Meanwhile, the central area of the blank in contact with the punch was quenched rapidly, leading to a higher material strength in this region. Therefore, the severe plastic deformation region shifted towards the circumference region of the dome where a higher blank temperature was maintained. The cold die quenching effect would cause an increase in the necking position (curvilinear distance from punch centre) with decreasing forming speed. As shown in Fig. 6b, the thickness reduction of the weld joint in the central region was slightly over predicted by FE simulation. Friction coefficient at the tool-workpiece interface plays an important role, where the grease lubricant could be squeezed out of the contact interface and thus a premature failure in lubricant could occur, leading to a sharp increase in the friction coefficient between the hot aluminium blank and the cold tools. This would further increase the resistance to plastic deformation at the contact area (central region of the part). This could be attributed to the weld zone effects in the laser welding process since the global mechanical properties of TWBs was found to be highly sensitive to the shape of the weld zones (Liu et al., 2015a). The increase in the thickness of the weld zone was not modelled in the FE simulation, whilst in the experiment, its effects could contribute to an extra resistance to plastic deformations in the central region, although these effects might be minor at high temperature. As such, the joint effects of cold die quenching, lubrication degradation and weld zone thickening could cause the inhomogeneous thickness distribution and thus localised necking would inevitably initiate in the circumference region due to excessive plastic straining. 
Fig. 7 shows the blank thickness comparison for the 2.0-1.0 mm TWBs formed at 450 °C, at a forming speed of 250 mm/s. Severe blank thickness reduction was observed on the 1.0 mm side adjacent to the weld line, and the maximum reduction was 0.33 mm (33%) whilst the 2.0 mm side only experienced a maximum of 0.26 mm (13%) reduction in thickness in experiments. During the dome tests, the punch force was applied through the central pole region of the TWB, where the weld line region was making contact with the punch at the initial stage of forming. Due to the significant deviation in thickness, the stress induced by the punch force in the thinner blank was greater than that in the thicker blank and this has led to a higher strain rate in the thinner blank. As the punch stroke increased further, excessive thinning in the thinner blank led to a more severe stress concentration and hence more significant strain localisation. The greater plastic strain rate in the 1.0 mm blank resulted in higher plastic strains, making it the site of failure initiation in those cases where parallel failure was observed. Generally, a good agreement was obtained between the experimental and simulation results, as shown in Fig. 7. However, slightly larger deviation was found near the weld line on the 2.0 mm blank, one of the reasons for the deviation may come from the difference in the weld line definition between the simulation software and the real welding process.
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Fig. 7. Thickness comparison between experimental and simulation results for the HFQ® formed 2.0-1.0 mm TWB part at 250 mm/s.

In addition to geometry validation of the model. Force stroke curves were acquired to capture the force progression during the hot stamping of TWBs. Fig. 8 shows the force-stroke evolutions for both 1.5-1.5 and 2.0-1.0 mm TWBs to the onset of necking. Required force for a given stroke for both TWBs under same forming speed were of similar magnitude since both TWBs composed of same material and formed under same conditions. However, the 1.5-1.5 mm TWB required a much higher force than the 2.0-1.0 mm TWB to achieve necking as a higher LDH was attained by the 1.5-1.5 mm TWB. This was expected as failure initialled on the 1.0 mm side at a lower LDH. Good agreements have been obtained between experiment and simulation, combined with the thickness comparisons, the FE model was successfully validated.
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Fig. 8. Force stroke comparison between experimental and simulation results for the 1.5-1.5 and 2.0-1.0 mm TWB at 250 mm/s.

3.1.3	Temperature distribution in the TWBs of different thickness combinations
Previous research has shown that the formability of an aluminium alloy blank is enhanced at elevated temperature. Temperature contours were assessed to understand the temperature variation throughout the forming process, including the impact of cold tools. Fig. 9 shows the temperature distribution for the 1.5-1.5 mm and 2.0-1.0 mm TWBs at a forming speed of 250 mm/s and a stroke of 10 mm. The temperature evolution throughout the forming process was previously verified (Liu et al., 2016). For the HFQ® forming of 1.5-1.5 mm TWB, shown in Fig. 9a, a strong temperature variation within the central and circumferential regions was observed. For the 2.0-1.0 mm TWB, as shown in Fig. 9b, the temperature distribution followed a similar pattern and an abrupt temperature drop was observed across the weld line due to different quenching rates within different blank thicknesses. Both parts of the 2.0-1.0 mm TWB were subjected to the same initial temperature of 450 °C, given the same heat flux and specific heat, the thinner blank experienced a greater reduction in temperature. For the TWB formed under such non-isothermal condition, the abrupt change in the temperature of the blank makes formability prediction more challenging.
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Fig. 9. Temperature distribution in (a) 1.5-1.5mm TWB, and (b) 2.0-1.0 mm TWB formed at an initial temperature of 450°C.
3.2 [bookmark: _Toc429573683] Forming Limit Prediction for HFQ® forming of TWBs
For the hot stamping of TWBs, the strong quenching effect associated with strain rate and loading path changes would, inevitably, result in loading history-dependent material behaviour. As a result, it would be very unlikely for conventional forming limit experiments to represent the complex nature of hot stamping conditions as failure cannot be analysed at a constant temperature or strain rate. Thus, a dedicated module offered by the multi-objective platform known as ‘Formability’ was developed to predict the formability of sheet metal blanks that undergoes non-isothermal and non-linear loading conditions. The module was built based on a forming limit prediction model that captures the thermo-mechanical history of the deformation process. The model is known as the ‘Viscoplastic-Hosford-M-K model’, which combines the viscoplastic material model, Hosford anisotropic yield function, and the M-K model, to predict the forming limit curves and identify the instability of sheet metals.


The material deformation behaviour obeys the dislocation-based material hardening law. To calculate the stress and strain state in each strain increment in the concern of anisotropic material behaviour, the Hosford yield criterion was used. The anisotropic Hosford yield function is introduced by Eq. 11.  and  are r-values in the longitudinal and transverse directions, which were experimentally determined at 0.69 and 0.73, respectively.

 				 (11)

The M-K model was employed in the formability prediction. In the M-K model (Marciniak and Kuczyński, 1967), an initial imperfection was assumed to exist, denoted zone B, which is slightly thinner than the nominal thickness, denoted zone A. Parameters associated with instability were calculated for both the uniform zone (zone A) and the imperfection zone (zone B) under the same set of constitutive equations (Eqs. (1) to (10)), denoted by subscripts a and b respectively. The M-K model is expressed by Eqs. (12) to (14). As the material deforms, the strain and stress tensors in the uniform zone (zone A) and imperfection zone (zone B) were calculated by the compatibility and force equilibrium equations as expressed by Eqs. (12) and (13), where the initial imperfection factor  was set to 0.995 (thickness ratio between Zone B and Zone A) (El Fakir, 2015). The indices 1, 2, 3 refer to major, minor and thickness direction respectively. During the deformation process, the defect is expected to propagate and the onset of necking occurs when the deformation rate between zone A and zone B reaches a critical value, as shown in Eq. 14 (El Fakir et al., 2014). A value larger than 10 corresponds to localised necking, otherwise, the element is safe from necking. 

  											 (12)

 											 (13)


, or        	    			  		    	                       (14)
The capability of the ‘Formability’ module is demonstrated in this paper through the hot forming of AA6082 TWBs. Fig. 10 shows the process of how the ‘Formability’ module is implemented through the KBC-FE simulation technique. As opposed to user-defined subroutines, KBC-FE technique enables computation to be conducted on a cloud-based environment. Given a conventional validated computed FE model, the element deformation history (major strain, minor strain and temperature contours for each sub-stage of the simulation) are exported from PAM-STAMP, together with testing conditions, information are uploaded onto the online platform where the ‘Formability’ module is selected. The failure prediction model computes the responses of the blank at each stage using the novel Viscoplastic-Hosford-M-K model embedded in the module and checks the selected elements in the specimen against the failure criteria, in which results would indicate whether the element has necked at the selected stage/stroke. Therefore, the KBC-FE technique has enabled the ‘selective’ simulation to reduce computational cost considerably, i.e. the formability prediction is only applied to the heavily stretched elements/areas. Failure prediction is ran on an incremental stroke until the limiting dome height is found. The results could be downloaded numerically with the option to be visually displayed back in the FE software. The forming limit model not only identifies the necked elements and the corresponding limiting dome height, but also storing all the parametric change that have taken place during the hot forming process, which is essential for the in-depth analysis of material behaviour. 
[image: D:\PhD work\Publication\Small dome\Figures for submission\Figure 9.tif]
Fig. 10. Knowledge Based Cloud FE – the application of formability module.
3.2.1 Prediction of limiting dome height of TWBs under non-isothermal and non-linear loading conditions
[bookmark: _GoBack]The LDHs of both thickness combinations 2.0-1.0 and 1.5-1.5 mm were predicted and compared to experimental results. Through KBC-FE technique, the ‘Formability ’module has successfully identified the stroke at which the TWBs necked. Fig. 11 shows the actual and predicted LDHs, with results being displayed back onto the simulated specimen alongside. To further study the effect of thickness combination on the formability, LDHs of 2.0-1.5 mm TWBs at different forming speeds were predicted as shown in Fig. 11. Simulation results were verified by carrying out additional corresponding experiments. All predictions were found to be nicely aligned with the experimental results.
[image: D:\PhD work\Publication\Small dome\Figures for submission\Figure 10.tif]
Fig. 11. Comparison of forming limit predictions and experimental results for different TWBs formed at various forming speeds with an initial temperature of 450°C.

In general, the limiting dome height of the TWBs decreases as thickness ratio () increases. The drop in LDH was more pronounced from 2.0-1.5 to 2.0-1.0 mm than 1.5-1.5 to 2.0-1.5 mm. The TWBs studied here could be expressed in terms of their different thickness ratio, which are 1.0 (1.5-1.5 mm), 1.33 (2.0-1.5 mm) and 2.0 (2.0-1.0 mm) respectively. A thickness ratio of 1.33 induces a drop of about 5 % in LDH from that of 1.0. However, a thickness ratio of 2 caused a dramatic 1/3 further reduction in LDH. 
On top of predicting the LDH, the forming limit prediction model has also successfully predicted the failure mode for different blank thickness combinations. For 1.5-1.5 and 2-1.5 mm TWBs, failure occurred at the circumference of the dome, however, failure occurred parallel to the weld line for 2.0-1.0 mm TWBs, as shown in Fig.11. The same failure modes were observed in experiments.
3.2.2 Effects of forming speed on the formability of TWBs
As well as identifying the necked element and the LDH, the ‘Formability’ also automatically stored the computational data for in-depth analysis. Temperature, strain rate and strain paths history were extracted to investigate the forming behaviour of the necked element under different conditions. Through both experiments and simulations, the formability was found to be forming speed dependent. To understand the changes that have occurred during deformation, necked elements under different forming speeds were studied for the 1.5-1.5 mm TWBs. 

[image: D:\PhD work\Publication\Small dome\Revision 4\Photo\Figure 12.tif]
Fig. 12. Development of necks as a function of equivalent strain for 1.5-1.5mm TWBs under various forming speeds with an initial temperature of 450°C.
At higher forming speed, the contact time is shorter, thus the blank is formed at a faster rate leading to a higher temperature throughout the forming process. Fig. 12 shows the development of necks and Fig. 13 shows the temperature evolutions for the corresponding necked elements. At a higher temperature, the material flow stress was reduced and the material was expected to show a higher strain to failure. In contrast to 250 and 400 mm/s, the temperature of 75 mm/s dropped more as deformation took place. Localised necking occurred at a much earlier stage where equivalent failure strain was 0.39, 32% lower than that of 400 mm/s. 
[image: D:\PhD work\Publication\Small dome\Figures for submission\Figure 12.tif]
Fig. 13. Temperature evolutions at different equivalent strains for 1.5-1.5 mm TWBs under various forming speeds with an initial temperature of 450°C.






Fig. 14a shows the strain paths of the necked elements in Fig. 12. For TWBs of the same blank thickness, strain paths for the necked element under different forming speeds were found to be slightly different. The effects of forming speeds on the strain path changes were caused by the changes in the position of necking. Biaxial loading strain path was expected only in the central pole region of the part. As speed decreases, strain paths of the necked elements shifted from a near biaxial loading condition towards plane strain state, as shown in Fig. 14a. The shift in strain path is associated with a change in necking position towards the circumferential region, indicated by an increase in its curvilinear distance from the punch centre, l. The strain increment along the circumferential direction () would inevitably decrease compared to the strain increment along the curvilinear distance (), leading to a lower strain ratio (). The greater the curvilinear distance to the centre, the higher the angle between the punch axis and the necking position, , as shown in Fig. 14b. For TWB of equal thickness, a decrease in forming speed causes the of the necked element to increase (Fig. 14b), resulting in a lower  (Fig. 14a), as such, the shift in strain path of the necked elements from a near biaxial loading condition towards a plane strain state due to necking position changes result in a lower formability in the TWB formed at 75 mm/s.
[image: D:\PhD work\Publication\Small dome\Figures for submission\New folder\Figure 14.tif]
Fig. 14. 1.5-1.5 mm TWBs formed under various forming speeds with an initial temperature of 450°C: (a) strain path evolutions, and (b) angle of necked element to the punch axis.

3.2.3	Effects of blank thickness on the formability of TWBs
The difference in blank thickness has a large impact on the formability of TWBs. Fig. 15 shows the failure evolutions of the necked elements of three TWBs thickness combinations formed at 250 mm/s, with the thickness ratios of 1, 1.33 and 2.0. The formability deteriorated with increasing TWBs thickness ratio, which is reflected in the lowest equivalent strain at failure attained by the 2.0-1.0 mm TWB, despite a higher blank temperature.

[image: D:\PhD work\Publication\Small dome\Revision 4\Photo\Figure 15.tif]
Fig. 15. Development of necks as a function of equivalent strain for TWBs of different blank thickness combinations formed at 250 mm/s with an initial temperature of 450°C.
Fig. 16 shows the temperature and strain path evolutions for the necked elements in Fig. 15. As shown in Fig. 16a, the necked element in the 2.0-1.0 mm TWB has the highest temperature when necking took place. This is mainly due to the blank having the lowest limiting dome height, resulting in a shorter forming time, and thus a given equivalent strain was achieved at a higher temperature. The 1.5-1.5 mm TWB has the highest limiting dome height out of the three, corresponding to the highest equivalent strain at necking. The 1.5-1.5 mm and 2.0-1.5 mm TWBs have similar limiting dome height both with the necked elements found on the 1.5 mm side. However, a higher temperature was experienced by the element in 1.5-1.5 mm TWB, which has contributed to its enhanced formability. 



[image: D:\PhD work\Publication\Small dome\Figures for submission\New folder\Figure 16.tif]
Fig. 16. TWBs of different blank thickness formed at 250 mm/s with an initial temperature of 450°C: (a) temperature evolutions, and (b) strain path evolutions.


The strain path changed significantly as thickness ratio increased, suggesting that the necked element shifted from a near-biaxial stretching in the 1.5-1.5 mm TWB towards a plane strain condition in the 2.0-1.0 mm TWB. For TWBs with higher thickness ratios, the weld line shifted towards the thicker blank, stabilising the blank material in the central region, thus slowed down the increment in the minor strain. This resulted in a strain path biased more towards a plane strain state and the excessive straining in the thinner blanks caused the premature failure of the TWBs. In contrast, the 1.5-1.5 mm TWB had a beneficial strain path leaning towards the biaxial state, as shown in Fig. 16b, which was a key contributor to the higher formability. In fact, the ductile fracture in the blank materials was caused by the stress and strain concentrations in the pre-existing micro-defects, which has been successfully characterised in the M-K theory. In a plane strain loading condition, the thinning effects, indicated by , in the imperfection zone (zone B) is much more pronounced than that in zone A, leading to the acceleration in necking () (El Fakir et al., 2014). 
Failure of TWBs under hot forming conditions is not driven by any single parameter but a combined effect. In the case of different blank thickness, the strain path effect dominated over the temperature effect. The results suggested that hot stamping performed at a higher blank temperature and lower thickness ratio would be more favourable. The forming limit prediction takes into account the combined effects of strain path, temperature and strain rate changes under the hot forming condition, thus fully capturing the development of localised necking during the deformation process. 
4. [bookmark: _Toc429573684]Conclusions
The KBC-FE technique is implemented to study the formability of AA6082 TWBs formed under HFQ® condition. KBC-FE opens up the opportunity for a broader range of simulation analysis. In this paper, its effectiveness was successfully demonstrated through the application of the ‘Formability’ module. The formability of TWBs with different thickness combinations were examined under different forming speeds. The following findings are highlighted: 
· A FE simulation model was built in accordance with the experiment to study the formability of AA6082 TWBs, the FE model was successfully verified as good agreements were obtained between experiments and FE simulation results.
· Two different failure modes were identified, which are circumferential failure and parallel failure. Circumferential failure mode took place in the 1.5-1.5 and 2.0-1.5 mm TWBs, whereas parallel failure mode was found in the 2.0-1.0 mm TWBs.
· The novel knowledge cloud-based FE (KBC-FE) simulation technique was introduced in this paper, and its capability was demonstrated through the ‘Formability’ module, where the failure mode and limiting dome height were successfully predicted and experimentally verified. The ‘Formability’ module was built based on a novel viscoplastic-Hosford-MK model, and the multi-objective platform made the use of such advanced function feasible and accessible, a remarkable advancement in FE simulation with unlimited potentials.
· Under both experiment and FE prediction, limiting dome height increased as forming speed increased. At higher speed, the blank was formed in a shorter period of time, therefore the blank undergone a higher temperature, formability was improved by higher temperature as well as biaxial loading condition.
· Blank thickness ratio has a large impact on the formability of TWBs. Limiting dome height decreased as the thickness ratio increased. The strain path shifted from near biaxial towards near plane strain states as the thickness ratio increased, leading to reduced formability for a given temperature and strain rate. Although the higher temperature was beneficial, the strain path effect was the dominating factor that had driven failure in the case of different thickness combinations. 
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