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Abstract 

A novel sheet metal forming process, by manufacturing parts in a single sheet with varying 

thickness, has been employed in this work. It combines hot forming and cold-die quenching, also 

known as HFQ®, and the use of aluminium tailor welded blanks (TWBs) into a hybrid process. A 

series of hot stamping tests on the AA6082 TWBs were performed to investigate the deformation 

behaviour and failure features. Two failure modes, i.e. circumferential necking and parallel weld 

necking have been observed in the formed parts depending on the forming speed and thickness ratio 

of the TWBs. An advanced forming limit prediction model has been developed and further 

integrated into finite element simulation via a cloud-based multi-objective platform* to investigate 

the failure/necking features of AA6082 TWBs. The model incorporates the theories of Hosford 

yield function, the anisotropic nature of plastic deformation in sheet metals and the Marciniak-

Kaczynski (M-K) theory. According to the theories, the incremental work per unit volume ratio 

(𝑑𝜀�̅� ∙ 𝜎𝐵 𝑑𝜀�̅� ∙ 𝜎𝐴⁄ ) between Zone B (thickness imperfect zone) and Zone A (the remainder of the 

material) is a key parameter determining the formability, by which the complex failure features 

have been fundamentally studied. The transition of failure mode in a TWB was attributed to the 

joint effects of temperature, strain rate and loading path changes. Strain rate could accelerate the 

development of localised necking in the TWBs when the failure mode was in transition from the 

circumferential mode to parallel mode. 

Keywords: hot stamping; tailor welded blank; failure mode; loading path; localised necking 

                                                           
* All the models presented in this paper are available as open access numerical modules at www.smartforming.com, an 

online knowledge-based cloud platform. 
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1. Introduction 

Growing concerns on environmental problems caused by greenhouse gas have stimulated 

automotive industries to set ambitious target on the reduction of emission and to pursue 

environment-friendly technologies. As one of the most attempts, lightweight manufacturing in sheet 

metal forming (Streppel et al., 2008) is used to reduce the vehicle weight effectively, thus improve 

the fuel efficiency as well as reduce the CO2 emission. The main applications of lightweight 

manufacturing in automotive industries are the application of new materials and the adoption of 

advanced forming methods. 

Aluminium alloy components are an import contribution to lightweight transportations for 

improved energy efficiency (Liu et al., 2010). Due to its good material properties, such as high 

strength-to-density ratio, the usage of high strength aluminium alloy AA6082 has been expanding 

rapidly in various sectors (Liu et al., 2015). Moreover, tailor welded blanks (TWBs) have made the 

components even lighter without compromising the structural complexity while meeting the 

strength requirements. TWBs are single-piece parts, which are pre-joined with individual sheets of 

different strengths, materials and/or thicknesses. Laser beam welding has been commonly utilised 

for manufacturing aluminium TWB components, due to its high flexibility, high efficiency, low 

distortion, good welding quality, etc. 

Unlike the conventional manufacturing process, the adoption of TWBs into a hot stamping 

process enables the parts with varying structures to be produced in a single operation. Aluminium 

TWBs consisting of AA5182 in varying thicknesses have been successfully formed into car body 

panels with reduced weight (Davies et al., 1999). A lot of studies have been focused on evaluation 

of the TWB’s properties (Aydın et al., 2009), the movement of weld line (Heo et al., 2001), forming 

process design (Ahmetoglu et al., 1995), finite element simulation (Kinsey et al., 2000), forming 

limit (formability) of TWBs (Parente et al., 2016), and failure prediction for TWBs (Zadpoor et al., 

2009a). 

In fact, the welding process has remarkable effects on the formability of aluminium TWBs 

(Rodrigues et al., 2009), especially for heat-treatable aluminium blanks (Bhanodaya Kiran Babu et 

al., 2014). Significant drop of formability in aluminium TWBs has been reported under biaxial 

stretching conditions, although they showed similar limit strains as the parent materials along the 

plane strain direction (Miles et al., 2004). The formability of aluminium TWBs are affected by 

many factors, including the alignment of the weld line (Panda et al., 2007) and thickness variation 
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(Kim et al., 2010b). The thickness variation of a TWB had a great influence on the level of 

formability, which was also exhibited clearly in the forming limit strains (Chan et al., 2003). The 

formability performance may be also attributed to the material grades and various testing methods, 

including uniaxial tension, cylindrical cup drawing and hemisphere punch stretching tests, have 

been adopted to assess the properties of automotive TWBs (Kim et al., 2010a). 

Compared to the parent material, the degraded strength in aluminium TWBs has made it much 

more difficulty to produce the TWB parts with conventional processes (Geiger et al., 2008). In 

order to minimise the welding effects and to deform the TWBs in an efficient way, a novel forming 

technology combining hot forming and cold-die quenching, also known as HFQ® (Foster et al., 

2010), has been adopted in this paper. The process has been proven to be able to perform both hot 

stamping and heat treatment simultaneously. In the process, the blank has been heated up (e.g. 

525°C for AA6082) for solution heat treatment (SHT) before it is formed by the cold tools. The 

SHT is believed to improve the formability by dissolving most of the precipitates into aluminium 

matrix (Garrett et al., 2005). This material characteristics has been used to form the AA6082 TWBs 

and the degraded formability of the weldment can be restored at HFQ® conditions, so as the 

strength after artificial ageing (Liu et al., 2016). 

One of the important challenges in hot stamping the aluminium TWBs is examining the forming 

behaviour and determining the failure criteria under the complex conditions with changing 

temperature (Naka et al., 2001), varying blank thicknesses (Song and Hua, 2012), different loading 

conditions (Yoshida et al., 2007), etc. The forming limit is commonly used in finite element (FE) 

simulation to understand proper forming parameters for aluminium TWBs. For high strength 

aluminium blanks, Marciniak-Kaczynski (M-K) (1967) theory has been proved to perform well in 

formability prediction of aluminium AA2024-T3 TWBs (Zadpoor et al., 2007). The M-K theory is 

one of the most widely used approaches, based on which many works have been extended to predict 

the forming limit in various forming applications (Zadpoor et al., 2009b). The forming limit strain 

is a crucial factor determining the formability in the M-K theory. It is reported that, for aluminium 

dissimilar thickness TWBs, the limit strains can be determined by stretching the TWBs in biaxial 

loading conditions (Davies et al., 2001). However, previous studies were mostly concentrated on 

measuring and predicting the forming limit diagrams (FLDs) at constant strain rate and fixed 

temperature. For the HFQ process (Mohamed et al., 2012), the varying loading conditions, such as 

strain rate, temperature and strain path that occur in the material have to be captured when 

predicting the formability. Thus the conventional forming limit prediction approach is no longer 

fully applicable. There have been many attempts to investigate the forming limit and fracture 

behaviour under designated conditions (Nurcheshmeh and Green, 2016). The influence of yield 

criteria on the forming limit has been reported on AA6xxx (Wang and Lee, 2006). Strain gradient 
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method could be incorporated into the M-K theory to predict localised necking failure and establish 

a link between the limit strain and necking (Safikhani et al., 2009). Fracture of the sheet material in 

a forming process may occur without any obvious necking observed (Stoughton and Yoon, 2011). 

Recently, Khan et al. (2011) successfully applied a KHL constitutive model for changing strain rate 

and temperature on the comprehensive responses of AA5182 with the M-K theory. The effect of 

loading path on formability (Graf and Hosford, 1994) is known by many scientists and engineers. 

For a successfully formed component, the strains are usually within the accepted range of the FLDs. 

However, necking failure may also take place in the areas where strains are still below the limit as a 

result of the changes in loading path. To address the issues, an advanced forming limit prediction 

model featuring non-isothermal and complex loading conditions has been proposed for AA5754 (El 

Fakir et al., 2014) and AA2060 (Gao et al., 2017). The model has been further implemented into a 

novel FE simulation technique, known as ‘Knowledge-Based Cloud – Finite Element’ (KBC-FE) 

simulation (Wang et al., 2017a), to predict the formability of AA6082 TWBs. The formability is 

highly dependent on many engineering factors, such as blank thickness, temperature and strain path. 

However, the underlying mechanisms that govern the development of localised necking failure 

during hot stamping of aluminium TWBs have been rarely reported. 

This paper deals with the complicated failure (localised necking) features of AA6082 TWBs at 

hot stamping conditions. The thermal-mechanical behaviour of AA6082 base material has been 

examined by uniaxial tension and isothermal formability tests. The dislocation-based material 

model has been integrated into advanced finite element simulation to predict the forming features at 

hot forming conditions. In addition, a forming limit prediction model, which incorporated the 

theories of Hosford yield function, the anisotropic nature of plastic deformation in sheet metals and 

the M-K theory, can predict the complicated forming process featuring non-isothermal and complex 

loading conditions. The latter represented the inherent nature of the imperfection in the material, 

which physically exists due to any non-uniformity, such as thickness non-uniformity or pre-existing 

micro-defect. Consequently, failure in terms of localised necking under different stress and strain 

states could be understood fundamentally. The transition of localised necking position has been 

determined by simulations and experimentally validated for different gauged AA6082 TWBs. 

2. Experimental details 

In this study, aluminium alloy AA6082-T6 sheets, with thicknesses of 1.0, 1.5 and 2.0 mm, have 

been used as the base material. All the base sheets had been cut along the rolling direction before 

they were welded into TWBs with thickness combinations of 1.5-1.5, 2.0-1.5 and 2.0-1.0 mm. In 

order to avoid any oxidation caused by the cutting process, the blank edges to be jointed have been 

mechanically polished using abrasive paper prior to welding. Laser beam welding was then 
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performed on the blanks by a Nd:YAG source with a power up to 2.1 kW and a welding speed of 25 

mm/s. 

Uniaxial tensile tests were conducted on a Gleeble 3800 system under HFQ® condition (Liu et al., 

2016), with the temperature ranging from 350 to 525°C and the strain rate from 0.1 to 10 s-1 (Wang 

et al., 2017b). To determine the forming limit strains of AA6082 at elevated temperature, 

formability tests were conducted at temperature ranging from 300 to 450˚C, and at forming speeds 

of 75, 250 and 400 mm/s. Detailed experimental work is also reported in reference (Luan et al., 

2016). 

Hemispherical punch stretching test was conducted to deform the AA6082 TWBs at the HFQ® 

non-isothermal conditions. In this work, the hemispherical punch has a diameter of 100 mm and the 

blank holding force is 20 kN. The TWB was firstly solution-heat-treated in the furnace and then 

transferred onto the blank holders for deformation. The transfer process took approximate 10 

seconds and the stamping test started when the temperature dropped to 450°C, recorded by a 

thermocouple attached to the specimen edge. The transfer process was kept consistent for all tests. 

To determine the limit dome height (LDH), experiments were repeated at a stroke increment of 0.5 

mm until visible necking is observed on the TWB surface. Digital image correlation (DIC) 

technique was also used to confirm the localised necking in terms of the strain distribution (Liu et 

al., 2016). In addition, the localised necking was evidenced by the thickness distribution and the 

microstructure around the area, which will be discussed in the later sections. 

 

Fig. 1 Schematic diagram of the hot stamping process using a hemispherical punch (Wang et al., 2017b). 

 

3. HFQ® forming results 

3.1. Failure modes 

Fig. 2 shows the experimental results for the 2.0-1.0 mm TWB parts formed at different speeds 

(25 and 250 mm/s) with the forming temperature starting at 450°C. Two failure (in terms of 

fracture) modes were observed on the formed TWB parts, i.e. (i) circumferential failure that 
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occurred approximately at middle height of the formed cup (Fig. 2(a)), and (ii) parallel weld failure 

which is found in the base zone of the thinner blank and is parallel to the weld line (Fig. 2(b)). 

+  

Fig. 2 HFQ® formed 2.0-1.0 mm TWB parts showing different failure modes: (a) circumferential failure at 25 

mm/s and (b) parallel weld failure at 250 mm/s. 

One of the reasons explaining the failure difference may come from the temperature of the 

forming blank which is dropping due to the contact between the blank and the cold punch. A slower 

forming speed means the more contact time between the hot blank and the cold punch, leading to 

much more heat loss and thus temperature drop in the contact area. The area in contact with the 

punch (inside the circumferential area) is stronger but less ductile than that is not in contact with the 

punch (outside the circumferential area). As a result, most of the stretching occurred in the hot area 

with a higher temperature, where lower flow stress and higher ductility exist. 

A fast forming speed indicates a short forming time period thus small amount of temperature loss 

in the contact area. The blank at the central region was initially deformed at high strain rate, while 

the other regions remained being formed at slow strain rate. The deformation here also depends on 

the loading features resulting from the thickness variations of the TWB. Table 1 summarises the 

failure modes of different thickness combinations at various forming speeds. Loading path at a 

specified location of the dissimilar TWB differs from monolithic blanks as the thickness ratio in the 

TWB would influence the deformation behaviour. Due to the inhomogeneity in temperature, strain 

rate and loading path during forming (Gao et al., 2017), a set of forming parameters should be 

optimised to ensure best formability as well as material performance during deformation. Therefore, 

an advanced forming limit prediction model that takes account of such factors would be essential. 

 

Table 1 Summaries of the failure modes for different TWBs at various forming speeds. 

Thickness combination (mm) Thickness ratio Forming speed (mm/s) 

25 75 250 400 

1.5-1.5 1 F1 F1 F1 F1 

2.0-1.5 1.33 F1 F1 F1 F2 
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2.0-1.0 2 F1 F2 F2 F2 

F1: Circumferential failure (Fig. 2(a)), F2: parallel weld failure (Fig. 2(b)) 

3.2. Microstructure evolution 

Experiments obtained from the TWB parts have all clearly indicated that the blanks failed by a 

process of strain localisation in a narrow neck. The developing localised necking eventually leads to 

fracture failure at the area due to further inhomogeneous deformation. 

Fig. 3 shows the cross-sectional microstructures of the 2.0-1.0 mm TWBs before and after 

forming. It can be seen clearly that there exists a thickness transition at the weld zone with the 

thickness gradually changing from 2.0 to 1.0 mm, as shown in Fig. 3(a). Coarse equiaxed grains 

formed in the weld centre, as a result of nucleation and grain growth in the course of welding and 

solidification. The surrounding columnar grains have been developed along the fusion boundary. 

This is due to epitaxial solidification, during which the grains grow towards the weld centre in a 

direction along the thermal gradient. It is observed that the columnar grains comprised about 2/3 of 

the whole weld zone, as shown in Fig. 3(a). 

 

 

Fig. 3 Cross-sectional microstructures of the 2.0-1.0 mm TWBs: (a) before forming and (b) after hemispherical 

punch forming at 250 mm/s. 
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As shown in Fig. 3(b), the forming process was stopped before the blank fractured, at which a 

localised necking area is observed just at the base metal zone in the thinner (1 mm) blank. In fact, 

the welded blank, including joint area, thinner and thicker blanks, has been stretched to certain 

levels by the hemispherical punch at the initial deformation phase. In particular, the columnar 

structures and the adjacent equiaxed grains within the weld zone have been elongated along the 

stretching (punch surface) direction after forming. The elongated grains show larger aspect ratios, 

compared to those before deformation. When the TWB was approaching the punch, the main 

stretching took place at the joint area (i.e. the columnar grains and their adjacent equiaxed grains). 

The base metal, including the thinner (1 mm) and thicker (2 mm) parts were also subsequently 

stretched by the punch. As the forming proceeded, there is much more material flow in the thinner 

part compared to the thicker one, which would incept the neck in the thinner blank. Furthermore, 

the localised necking, as evidenced in Fig. 3(b), is gradually developed, resulting in instability in 

the TWB. 

 

4. Development of a unified viscoplastic-Hosford-MK constitutive model 

Dynamic microstructural changes (Lin et al., 2005), e.g. grain growth, dynamic recovery and 

recrystallisation can occur during warm/hot forming processes. Therefore, it is essential to use time-

integration based model to describe the evolution of such physical phenomena. The effects of 

hardening and recovery on flow stress evolution have been modelled via dislocation-based 

hardening laws (Lin and Liu, 2003), in which the generation of dislocations due to plastic strain and 

the annihilation of dislocations (recovery) under hot forming conditions were taken into account. 

4.1. Viscoplastic material behaviour for AA6082 

The flow behaviour of aluminium at elevated temperature can be interpreted by the dislocation-

based hardening constitutive equations (Lin and Dean, 2005). The full set of constitutive equations 

is listed below. 

𝜎 = 𝐸(𝜀𝑇 − 𝜀𝑝)                                                    (1) 

𝜀�̇� = (
𝜎−𝑅−𝑘

𝐾
)

𝑛1

                                                   (2) 

  �̇� = 𝐵�̅�0.5                                                          (3) 

  �̇̅� = 𝐴(1 − �̅�)|𝜀�̇�| − 𝐶�̅�𝑛2                                            (4) 

where 𝜀𝑇 and 𝜀𝑝 are the total and plastic strains, respectively. The constants E, K, k, A, B, C, 𝑛1 are 

temperature-dependent material parameters (Lin et al., 2014), where E is the Young’s modulus of 

the material. The implicit Euler method has been employed to integrate the above equations 

numerically with incremental step control (Mohamed, 2010). The model was used to simulate the 
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temperature and strain rate dependent material behaviour of AA6082, and the stress-strain curves 

are shown in reference (Wang et al., 2017b). 

4.2. Hosford yield criterion 

In order to predict the incidence of localised necking in sheet materials, it is crucial that an 

anisotropic response is incorporated in the model. In particular, while the sheet thickness does not 

have an effect on the forming limits (Barata da Rocha et al., 2009), for rolled sheets it is the rolling 

that affects the mechanical properties, leading to anisotropy and different flow behaviour at 

different directions, which must be captured by the developed model. 

Numerous yield functions have been proposed for modelling the anisotropic sheet metals (Toh, 

1989), including the Hill (Hill, 1948), Hosford (Hosford, 1985) and Barlat (Barlat and Richmond, 

1987) yield functions . For the HFQ® forming process, the anisotropic properties are expressed by 

the Hosford yield function (Hosford, 1985). 

𝑅2𝜎1(𝐴,𝐵)
𝐿 + 𝑅1𝜎2(𝐴,𝐵)

𝐿 + 𝑅1𝑅2(𝜎1(𝐴,𝐵) − 𝜎1(𝐴,𝐵))
𝐿

= 𝑅2(𝑅1 + 1)𝜎(𝐴,𝐵)
𝐿                  (5) 

where 𝑅1 and 𝑅2 are the r values in the longitudinal (𝑟0) and transverse (𝑟1) directions, respectively. 

In this study, 𝑅1 and 𝑅2 were determined as 0.64 and 0.71 respectively from the uniaxial tensile 

tests at 450°C and 1 s-1. The constant L, according to the crystallographic structure of the material 

(Hosford, 1985), is set to 6 for AA6082. 

4.3. M-K model for the prediction of forming limit 

The conventional M-K model (Marciniak and Kuczyński, 1967) employs an imperfect factor to 

account for pre-existing imperfection zones in the sheet metal (Schwindt et al., 2015). There are two 

zones, designated zone B (where imperfection exists) and zone A (the remainder of the material). 

As the deformation progresses, localised strain may occur as a result of the thickness 

inhomogeneity and the deformation at the imperfect zone (zone B) will accelerate at a faster rate 

than that at the surrounding area (zone A) (Gao et al., 2017). The imperfect factor 𝑓 is defined by 

Eq. (6), and localised failure takes place when the ratio of incremental strains reaches a critical 

value, as shown in Eq. (7). 

𝑓 =
𝑡𝐵

𝑡𝐴
= 𝑓0𝑒𝑥𝑝(𝜀3𝐵 − 𝜀3𝐴)                                                     (6) 

𝑑𝜀1𝐵

𝑑𝜀1𝐴
≥ 10                                                                             (7) 
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where 𝑡𝐴 and 𝑡𝐵 are blank thickness in zone A and zone B respectively, 𝜀1 and 𝜀3 are strains in the 

major and thickness directions respectively, and 𝑓0 (also known as initial imperfect factor) 

represents the inherent nature of the imperfection in the material, which physically exists due to any 

non-uniformity. 

During deformation, the minor strain (𝜀2) at the interface between zones A and B equals to each 

other (Eq. (8)), and the stress follows a mechanical equilibrium rule (Eq. (9)). In addition, the 

materials in Zones A and B also flow following the viscoplastic rule provided in Eqs. (1-4). 

𝜀2𝐴 = 𝜀2𝐵                                                                   (8) 

𝜎1𝐴 = 𝑓𝜎1𝐵                                                                   (9) 

The details in development of the Viscoplastic Hosford M-K forming limit model are also reported 

in reference (Gao et al., 2017). From the numerical study on strain localisation, the development of 

necking (
𝑑𝜀1𝐵

𝑑𝜀1𝐴
, Eq. (10)) can be expressed by three parts: 

𝑑𝜀1𝐵

𝑑𝜀1𝐴
=

[𝑅2+𝑅1𝑅2(1−𝛼𝐵)𝐿−1][𝑅2+𝛼𝐴
𝐿 𝑅1+(1−𝛼𝐴)𝐿𝑅1𝑅2]

[𝑅2+𝑅1𝑅2(1−𝛼𝐴)𝐿−1][𝑅2+𝛼𝐵
𝐿 𝑅1+(1−𝛼𝐵)𝐿𝑅1𝑅2]

∙ 𝑓 ∙
�̅�𝐵𝑑�̅�𝐵

�̅�𝐴𝑑�̅�𝐴
     (10) 

where 𝛼 is the ratio between the minor stress and major stress, 𝜎𝐴 and 𝜎𝐵 are the equivalent stresses, 

𝑑𝜀�̅� and 𝑑𝜀�̅� are the equivalent strain increments. These parameters all depend on the temperature 

(𝑇), strain rate (𝜀̇) and loading path (strain ratio 𝛽 = 𝜀2 𝜀1⁄ ). 

Under the changing conditions, incremental work per unit volume (Khan and Huang, 1995) is a 

significant parameter that can determine the formability of each zone in the M-K model, as shown 

in Eq. (11). 

�̇� = 𝜎(𝛼,𝛽,𝑇,�̇�)𝑑𝜀(̅𝛼,𝛽,𝑇,�̇�)      (11) 

It has been verified that the effect of the first two parts in Eq. (10) on the development of localised 

necking could be negligible (Gao et al., 2017), and the equation can be written as: 

𝑑𝜀1𝐵

𝑑𝜀1𝐴
∝

�̇�𝐵

�̇�𝐴
=

�̅�𝐵(𝛼,𝛽,𝑇,�̇�)𝑑�̅�𝐵(𝛼,𝛽,𝑇,�̇�)

�̅�𝐴(𝛼,𝛽,𝑇,�̇�)𝑑�̅�𝐴(𝛼,𝛽,𝑇,�̇�)
     (12) 

Therefore, the incremental work per unit volume ratio in Eq. (12), �̇�𝐵 �̇�𝐴⁄ , can be regarded as a 

fundamental factor accounting for the effects of temperature, strain rate and loading path on the 

development of localised necking. 
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The FLDs of AA6082 at high temperatures (300 to 450°C) and various forming speeds (75 to 

400 mm/s) have been reported in reference (Luan et al., 2016). Generally, the formability, in terms 

of limit strain, increases with temperature or strain rate. The forming limit model has been 

calibrated against the experimental data, and the initial imperfect factor 𝑓0, used in Eq. (14), was 

therefore determined to be 0.995. The model also uses a time-integration algorithm, of which the 

responses to the varying conditions, including temperature changes, strain rate changes and loading 

path changes can be interpreted by Eqs. (10) and (12). 

 

5. FE simulation of HFQ® forming process 

5.1. FE simulation model and validation 

Fig. 4 shows the FE simulation set-up for the hot stamping of AA6082 TWBs using a 

hemispherical punch (Wang et al., 2017b). All tools are meshed with rigid elements and the TWBs 

are modelled using shell elements. The simulation presents many challenges, as the deformation of 

the workpiece in addition to its temperature evolution due to heat transfer with the tooling has to be 

modelled. The initial temperature of TWB and tools were set to 450°C and 20°C, respectively. 

Thermal conduction is enabled in both TWB and tools, as such the tool temperature also changes as 

a result of the heat transfer with the hot TWB. The weld lines were assigned to the blank with the 

built-in feature integrated in the software. A constant friction coefficient of 0.3 has been used in the 

simulation. 

 

 

Fig. 4 Pam-Stamp simulation set-up (cross-sectional view) (Wang et al., 2017b). 

 

 

 

 

ACCEPTED M
ANUSCRIP

T



5.1.1. Temperature evolution 

The temperature across the forming blank is not evenly distributed throughout the deformation 

process. In order to measure the temperature evolution, three thermocouples were embedded in the 

selected locations, at the apex of the dome part, 12 mm and 24 mm away from the apex. The 

temperature data were recorded by a data logger. The interfacial heat transfer coefficient of 

AA6082, which has been determined by a novel test facility (Liu et al., 2017), were used in FE 

simulation of the HFQ® forming process. 

 

Fig. 5 Temperature profiles of selected points in a 1.5 mm AA6082 blank formed at 25 mm/s. 

 

Fig. 5 plots the temperature profiles of a 1.5 mm AA6082 base blank during stamping at 25 

mm/s. The initial blank temperature was set to 450°C in simulation. The temperature at the dome 

apex (Point 1) dropped fast as a result of the rapid contact with the punch at the start of stamping. 

The other two locations (Points 2 and 3) show slower temperature decrease due to the delayed 

contact between the punch and the side wall. The simulated temperature profiles (lines) show very 

good agreements with the experimental values (symbols). 

 

5.1.2. Thickness distribution 

Fig. 6 shows the thickness values of the 2.0-1.0 mm TWB parts between simulation and 

experiment at different forming speeds. It is found that the failure location is highly dependent on 

the forming speed. At a slower forming speed (25 mm/s), failure occurs approximately at middle 

height of the formed dome, and the localised necking is predicted in this area, as shown in Fig. 6(a). 
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Fig. 6(b) shows that the peak of thickness reduction is predicted near weld line, where the failure is 

found parallel to the weld line at a higher forming speed (250 mm/s). Moreover, good agreements 

have been also achieved for the other TWB thickness combinations (1.5-1.5 and 2.0-1.5 mm) in 

terms of thickness distributions, suggesting that the FE simulation can accurately represent the 

forming of TWBs with various thicknesses and forming speeds. 

 

Fig. 6 Thickness distributions in the 2.0-1.0 mm TWB parts between experiment and simulation at 

forming speeds of (a) 25 mm/s and (b) 250 mm/s. 

5.2. Forming limit prediction for hot stamping of AA6082 TWBs 

The viscoplastic Hosford M-K forming limit prediction model is further integrated into the 

validated FE simulation via a cloud-based multi-objective platform (Zhou et al., 2016). The 

platform has exhibited a unique capability in the forming process featured by complex loading 

conditions. 

The simulation is used to predict the failure (i.e. localised necking) occurrence during hot 

stamping and to optimise the forming condition for successfully forming of the components. The 

traditional forming parameters, such as forming speed and limit dome height, are essential to the 

success of a forming process. In addition, the TWB thickness combination (or thickness ratio) is 

another factor that would govern the failure feature as well as the overall formability. Fig. 7 shows 

the experiment and prediction results where localised necking is initiated at certain limit dome 

heights. 

For the similar thickness 1.5-1.5 mm TWBs, the LDH increases as speed increases. The failure, 

regardless of the forming speed, is in a circumferential mode where localised necking can be found 

at the mid-height area of the formed parts. The forming modes of dis-similar gauged TWBs are 

highly dependent on the forming speed. For the 2.0-1.5 mm TWBs, the LDH is increased as the 

forming speed increases until it reaches 275 mm/s. Circumferential failure mode was observed in 

the components stamped at a forming rate below 275 mm/s, while failure shifts to a parallel weld 

mode as the forming rate exceeds 275 mm/s. For the 2.0-1.0 mm TWBs, the increase in LDH with 
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forming speed is observed below 40 mm/s, but the LDH shows a dramatic drop when the forming 

speed was increased further. 

 

Fig. 7 Effect of forming speed on the LDH and failure mode for various TWB thickness combinations. 

At a slow speed, fracture is found at the circumference. However, when the forming reaches a 

critical speed, the failure takes place in the thinner blank and is parallel to the weld line. Fig. 3(b) 

shows the fractured area which is very close to the weld line but in the thinner blank side. The 

critical forming speed, which shows good formability in terms of LDH, is still dependent on the 

thickness ratio of the TWBs. The failure feature is divided into three zones: (i) circumferential 

failure zone where the localised necking (or fracture) is at the side wall of the dome, (ii) parallel 

failure zone where the material near the joint of a TWB is stretched to failure, and (iii) failure 

transition zone where maximum formability (or LDH) can be achieved due to a more sustainable 

deformation at the optimal forming speed. 

 

6. Forming limit prediction results and discussion 

6.1. Effect of forming speed on failure features 

6.1.1. HFQ® forming of similar gauged TWBs 

Fig. 8(a) shows the strain paths of the necked elements incepted at different forming speeds. For 

TWBs of the same gauge, strain paths for the necked elements under different forming speeds were 

found to be different. The effects of forming speeds on the strain path changes were mainly caused 
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by the changes in the position of localised necking. Equi-biaxial loading strain path was expected 

only in the central apex region of the part. As speed decreases, strain paths of the necked elements 

shifted from a near biaxial loading condition towards the plane strain state. 

The shift in strain path is associated with a variation in the necking position towards the 

circumferential region, which is also indicated by an increase in its curvilinear distance from the 

punch centre (l), as illustrated in Fig. 8(a). The strain increment along the circumferential direction 

(
2

 ) would inevitably decrease compared to the strain increment along the curvilinear distance (
1

 ), 

leading to a lower strain ratio (
2 1

/   ). The greater the curvilinear distance to the centre (l), the 

higher the angle between the punch axis and the necking position ( ), as illustrated in Fig. 8(a). For 

TWB of equal thickness, a decrease in forming speed causes the   of the necked element to 

increase, resulting in a lower strain ratio   (minor strain/major strain). 

For a given constant temperature, strain rate and loading path, the formability is usually 

determined by the material’s FLD in experiment. However, for the hot stamping process, the 

varying loading conditions in temperature, strain rate and strain path that occur in the material have 

to be taken into account when predicting the formability. Thus the conventional FLD approach is no 

longer fully applicable, as the material responses to those loading conditions are very complicated 

and the forming limit strain (and FLD) is unique under a specified changing condition. The model 

employed in the study not only can determine the forming limit strains (and FLDs) at non-

isothermal conditions with dramatic strain rate and loading path variations, but also can capture the 

fundamental factors (in Eqs. (10) and (12)) affecting the development of localised necking.  

When the incremental strain ratio reaches a critical value (𝑑𝜀1𝐵/𝑑𝜀1𝐴, Eq. (7)) as shown in Fig. 

8(b), the final values of the major and minor strains become the forming limit strains. The shift in 

strain path of the necked elements from a near equi-biaxial loading condition towards a plane strain 

state due to necking position changes could result in a lower formability (smaller limit strains in Fig. 

8(b)) in the TWB formed at 75mm/s. Furthermore, temperature, as seen in Fig. 8(c), is another 

factor that influences the limit strains on the necked elements. The lower forming speed, the longer 

contact time between the cold tool and the workpiece, which eventually initiated an earlier failure at 

the colder region. 
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Fig. 8 Deformation features of necked elements in the 1.5-1.5 mm TWBs (a) Strain paths, (b) development of 

necks (𝒅𝜺𝟏𝑩 𝒅𝜺𝟏𝑨⁄ ) and (c) temperature history. 
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6.1.2. HFQ® forming of dissimilar gauged TWBs 

Fig. 9(a) shows the strain paths of the necked elements in the 2.0-1.5 mm TWB parts formed at 

different forming speeds. The deformation features are divided into four stages according to the 

forming speed, i.e. 75-250, 250-270, 270-275 and 275-400 mm/s. 

It is noted that the circumferential failure is observed on the parts formed at speeds no more than 

270 mm/s. The strain paths for the speeds of 75, 250 and 270 mm/s are plotted, showing a shift of 

the loading path from a plane strain state towards the near equi-biaxial condition, i.e. strain ratio 

(𝛽 = 𝜀2 𝜀1⁄ ) is increasing as forming speed increases. 

The LDH is enhanced when the forming speed increases from 75 to 250 mm/s. The necked areas 

(in the circumference) maintained at a stable temperature for a certain time of period before it was 

in contact with the cold punch, where the temperature started to drop dramatically, as shown in Fig. 

9(b). The slower speed, e.g. 75 mm/s, means larger temperature drop and lower formability in terms 

of LDH. The increased limit strains from 75 to 250 mm/s is attributed to the effects of higher 

temperature and the loading path shift. Strain rate difference could also contribute to the effect as 

the average strain rates at 75 and 250 mm/s are 1.1 and 4 s-1 (Fig. 9(c)), respectively. 

Compared to the temperature (430°C) of the necked element at 250 mm/s, it has even a lower 

temperature (426°C) at 270 mm/s. The shift in strain path is associated with a change in the necking 

position towards the circumferential region as the forming speed decreases, indicated by an increase 

in its curvilinear distance from the dome centre (Wang et al., 2017b). In this case, the higher 

forming speed (270 mm/s), the shorter the curvilinear distance from the dome centre, and the earlier 

the necked element becomes in contact with the cold punch. In addition, a greater pressure is 

applied on the necked element with a higher forming speed (270 mm/s), compared to that at 250 

mm/s. Therefore, a longer contact time and a greater contact pressure with the cold punch could 

eventually lead to a higher temperature drop on the necked element at 270 mm/s. As the average 

strain rates at the two speeds (250 and 270 mm/s) are quite close to each other (4 and 4.4 /s, 

respectively), a lower temperature might indicate an earlier failure according to the conventional 

FLD theories. However, this is not the case due to the difference in the loading conditions. The 

loading path shifts from a plane strain state towards the near equi-biaxial condition when the 

forming speed changes from 250 to 270 mm/s, which could enhance the limit strains at 270 mm/s 

even though the temperature at this speed is lower. 

When the forming speed changes from 270 to 275 mm/s, there is a transition of failure position 

from circumferential to parallel mode. The loading path didn’t shift as the average strain ratios are 

0.40 and 0.41, respectively. Moreover, strain rates at the two forming speeds are 4.4 and 4.2, 

respectively. Temperature is the main reason that induces the variations in the failure strains, and as 

a result, a premature failure may take place in a parallel mode at 275 mm/s. 
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Fig. 9 Deformation features of necked elements in the 2.0-1.5 mm TWBs (a) strain paths, (b) temperature history 

and (c) evolution of equivalent strains. 
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Further shift of the speed from 275 to 400 mm/s does not affect the loading path, as the failure 

position will stay at the same position in a parallel mode. Therefore, temperature and strain rate are 

the main factors that influence the failure strains in this forming range. It is usually deemed that a 

higher temperature could deliver a better formability at such condition. 

Similar phenomenon was also observed in the 2.0-1.0 mm TWBs, which includes four stages 

according to the forming speed, i.e. 25-37.5, 37.5-40, 40-75 and 75-250 mm/s. Like the 2.0-1.5 mm 

TWBs, temperature, strain rate and loading path have played a jointed role at different stages. 

 

6.2. Effect of thickness ratio on failure features 

Thickness ratio stands for the ratio of thicker part to thinner part in the thickness value, i.e. 1, 

1.33 and 2 corresponding to the TWBs of 1.5-1.5, 2.0-1.5 and 2.0-1.0 mm, respectively. Fig. 7 has 

already figured that the overall LDH values drop as the thickness ratio increases from 1, 1.33 to 2. 

Fig. 10(a) shows the equivalent strains of the necked elements for different thickness ratios at 

250 mm/s. It is clear that the 2.0-1.0 mm TWB shows a lower limit strain level, compared to the 

2.0-1.5 and 1.5-1.5 mm TWBs. Circumferential failure is found at the side elements, and in this 

case at the 2.0-1.5 and 1.5-1.5 mm TWBs. Parallel failure takes place on the 2.0-1.0 mm TWB 

where localised necking is observed at the centre element. Loading path conditions are the main 

reason that leads to the difference in the limit strains. As thickness ratio increases (e.g. from 2.0-1.5 

mm to 2.0-1.0 mm), the localised necking position shifts from side (circumferential failure) to 

centre (parallel failure) region, as a result, strain paths of the necked elements shifted from a near 

equi-biaxial loading condition towards the plane strain state. Therefore, the 2.0-1.0 TWB exhibits 

the lower equivalent limit strain (Wang et al., 2017b). Moreover, the limit strain is slightly reduced 

at the 1.5-1.5 mm TWB, compared to that at the 2.0-1.5 mm TWB. Both the two necked elements 

are deformed under the similar loading condition. Temperature is associated with the variations 

between the two thickness ratios, as the final temperatures for the 1.5-1.5 and 2.0-1.5 mm TWBs 

are 427 and 430 °C, respectively. 

Fig. 10(b) shows the equivalent limit strains of different TWBs at 400 mm/s. Compared to the 

forming at 250 mm/s, there are failure mode changes for the 2.0-1.5 mm TWB with the necked 

element shifting from the side (circumferential failure) to centre (parallel failure) region. In fact, the 

failure mode transition zone for 2.0-1.5 mm TWB has been identified by experiment and simulation 

which is within the speed range of 270 to 275 mm/s. The plot demonstrates the tendency that a 

larger difference in thickness yields a smaller limit strain at the necked element. In experiments, the 

thinner part of the TWBs is firstly deformed and to a much higher level than the thicker side. 

For the 1.5-1.5 mm similar gauged TWB, localised strains are observed on both side of the TWB 

in a symmetric profile. For the 2.0-1.0 and 2.0-1.5 mm dissimilar gauged TWBs, localised necking 
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takes place at either the centre or side regions in the thinner parts highly depending on the forming 

speed and the thickness ratio. Hence, a premature failure may occur in the dissimilar gauged TWB 

and yield a lower strain value, in the absence of temperature effects. 

 

 

 

Fig. 10 Evolution of equivalent strains for the necked elements at different forming speeds: (a) 250 mm/s and (b) 

400 mm/s. 

 

6.3. Characteristics of localised necking 

6.3.1. Transition of localised necking position 

In the viscoplastic Hosford M-K model, the failure criterion was defined as a critical value of the 

ratio of the strain increment between Zone B and Zone A (Eq. (7)). This criterion is an overall 

response to the evolution of stress and strain in all directions in the material with changing 
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temperature, strain rate and loading path. According to the M-K theory, a critical ratio of 10 is 

regarded as an occurrence of localised necking failure. 

The incremental strain ratios for selected elements along the curvilinear directions of the formed 

2.0-1.5 mm TWB parts are plotted in Fig. 11. The cross-sectional views of the parts are illustrated 

in the figure. It clearly shows the changes of localised necking locations, with the failure transiting 

from the side element to the centre element when the speed increases from 270 to 275 mm/s. The 

neck development curves for the corresponding elements are also inserted in the figure, exhibiting 

the evolution of failure development at different locations. 

The thickness distributions, in terms of thinning values, across the formed parts are shown in Fig. 

11. In general, there is little difference in the thickness distribution between the forming speeds of 

270 and 275 mm/s. Compared to the centre elements, the side elements generally show a higher 

degree of thinning, where localised necking took place at 270 mm/s. However, this is not the case at 

a forming speed of 275 mm/s, where localised necking failure was observed at the centre element 

adjacent to the weld seam. The thinning value is no longer a direct indicator of the localised necking 

failure. The advanced viscoplastic Hosford M-K model is therefore used to investigate the local 

deformation behaviour and characterise the neck development. 
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Fig. 11 Distribution of necks (incremental strain ratio: 𝒅𝜺𝟏𝑩 𝒅𝜺𝟏𝑨⁄ ) and the corresponding thinning values on the 

formed 2.0-1.5 mm TWB parts in the course of failure transition from 270 to 275 mm/s. 

 

6.3.2. Thinning and localised necking 

Fig. 12 shows the blank thinning contours of a 2.0-1.5 mm TWB part formed at 275 mm/s, 

where the failure mode for this thickness combination has transited from circumferential mode to 

parallel weld mode. The elements selected for analysis in two regions, i.e. centre elements (close to 

the weld seam) and side elements (circumference of the part) in the 1.5 mm blank are highlighted in 
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Fig. 12(a). Thinning and the corresponding values are plotted for the selected elements in Fig. 

12(b). Based on the experimental observation, the localised necking failure occurred at the dome 

apex region (centre element 6), rather than at the region of maximum thinning (side element 6). 

 

 

 

Fig. 12 (a) 2.0-1.5 mm TWB part formed at 275 mm/s and (b) predicted thinning distribution of the selected 

elements. 

 

From the neck curve (𝑑𝜀1𝐵 𝑑𝜀1𝐴⁄ ) against time in Fig. 13(a), the evolution of failure is observed 

and the necked element shows an earlier development of the failure, compared to the safe element 

with maximum thinning. The development of localised necking during a hot forming process is 

assumed to be strongly affected by many parameters as discussed above, e.g. cooling rate, forming 

speed and loading path variations. Using the developed model, the material response of the selected 

elements was revealed by the evolution of effective strain increment (𝑑𝜀)̅ and effective stress (𝜎). 

Therefore, incremental work per unit volume ratio (𝑑𝜀�̅� ∙ 𝜎𝐵 𝑑𝜀�̅� ∙ 𝜎𝐴⁄  in Eq. 12) between Zone B 
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(where a thickness inhomogeneity exists) and Zone A (the remainder of the material) is a significant 

parameter that determines the formability of a material at the changing conditions, as plotted in Fig. 

13(b). 

 

 
Fig. 13 Deformation features of selected elements in the 2.0-1.5 mm TWB at 275 mm/s: (a) development of necks 

(𝒅𝜺𝟏𝑩 𝒅𝜺𝟏𝑨⁄ ), and (b) evolution of incremental work ratio calculated by the viscoplastic Hosford M-K model. 

 

At the start of forming (time < 0.06 s), the effective strain increment of the necked element, as 

inserted in Fig. 13(b), is higher than that of the safe element, where the strain rates are 1.77 and 0.31 

s-1, respectively. As the forming proceeded, the strain rate of the safe element was deformed in a 

faster way, compared to the failure element. This is also reflected by the effective strain increment 

after forming for 0.06 s. 

Nevertheless, the increase of strain increment in the side element didn’t mean an eventual failure. 

The different increasing gradients of the strain increment were mainly induced from the 

corresponding changes in the flow stress, as inserted in Fig. 13(b). It is clear that the effective 

stresses for the designated elements show distinctive variation, with the necked element exhibiting a 
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higher stress throughout the forming process. Temperature is one of the major factors that influence 

the flow stress difference between the failure and safe elements. The temperature started to drop 

immediately when the punch was in contact with the blank at the necked element (dome apex area), 

which may also result in greater strain hardening. Strain localisation occurred earlier due to the 

excessive stress concentration induced from strain hardening at the necked region. Consequently, a 

greater ratio in the incremental work per unit volume is obtained on the centre element, resulting in 

a premature fracture at a lower strain/thinning level. 

 

6.3.3. Effects of temperature, strain rate and loading path on the development of localised necking 

The difference as the failure develops is a combined result of the simultaneous changes in the 

temperature, strain rate and the loading path (strain ratio). The complex response of the blank 

material during deformation can be explicitly revealed by the incremental work per unit volume 

ratio (𝑑𝜀�̅� ∙ 𝜎𝐵 𝑑𝜀�̅� ∙ 𝜎𝐴⁄ ), accounting for the effects of cooling rates changes, strain rate changes and 

loading path changes on the development of localised necking. 

The necked element, which is located in the dome central region, underwent a higher cooling 

rate due to the contact with the moving punch at the beginning of the forming process, as shown in 

Fig. 14(a). In order to study the individual effect of temperature on the necking development, the 

strain rate (SR) and loading path (𝛽 = 𝜀2 𝜀1⁄ ) were set to be constant as those at the initial 

experimental condition, with the values being 1.77 s-1 and 0.69 respectively. It can be seen clearly 

that the incremental work per unit volume ratio of the failure element (and also the safe element) 

started to increase as the temperature decreased. The ratio of the failure element increases quicker 

than that of the safe element, indicating the acceleration of the necking development on the failure 

element due to its larger temperature drop. 

Initial strain rate of the failure element, see Fig. 14(b), is also higher than that of the safe (side) 

element. After the forming for 0.06 s, the strain rate of the safe element was higher, compared to the 

failure element. In this case, the strain rate effect was analysed numerically at the loading 

conditions of temperature (𝑇 = 450°C) and loading path (𝜀2 𝜀1⁄ = 0.69). It is clearly seen that the 

incremental work per unit volume ratio for the failure element was larger than that in the safe 

element. Strain localisation under such conditions would therefore occur more rapidly, leading to a 

faster evolution of the equivalent strain increment and effective stress (similar to that in Fig. 13(b)), 

and hence failure. 
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Fig. 14 Effect of (a) temperature, (b) strain rate and (c) loading path on the evolution of incremental work per 

unit volume ratio for selected elements in the 2.0-1.5 mm TWB. 
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The loading path shifted gradually from a near equi-biaxial loading condition towards the plane 

strain state in both the necked and the safe (max thinning) elements, although there was a numerous 

‘jump’ of the loading path for the safe element. Based on the initial experiment condition for the 

selected elements, the individual effect of loading path (𝛽 value) on the necking development has 

been investigated and represented by the incremental work per unit volume ratio, as shown in Fig. 

14(c). For the failure element, there is a gradual increase in the incremental work per unit volume 

ratio as the 𝛽 value decreases from 0.69 to 0.39. For the safe element, there is a sudden increase in 

the ratio because of the loading path ‘jump’ within 0.02 s. The ratio value gradually changes after 

0.02 s with the slight shift of 𝛽 value. The incremental work per unit volume ratio of the failure 

element is more influenced by the changing loading path, compared to that of the safe element. 

In general, blank thickness, temperature, strain rate and loading path are important factors jointly 

impacting the deformation characteristics and the failure modes of TWBs. The complex response of 

the blank material to the factors has been revealed by the incremental work per unit volume ratio, 

i.e. the combined effects of the strain increment and stress evolution, as shown in Fig. 13(b). It is 

believed that a greater ratio in the incremental work per unit volume would result in premature 

failures at lower strain/thinning levels, which would eventually lead to the transition of failure mode 

(in this case of 2.0-1.5 mm TWB forming speed changed from 270 to 275 mm/s). Furthermore, the 

individual effect of the factor (i.e. temperature, strain rate and loading path) on the material 

response has determined and summarised in Fig. 14. Among all the factors, strain rate is the 

dominant factor that would contribute to the incremental work, and thus accelerate the occurrence 

of localised necking in the TWBs when failure mode is in transition at 275 mm/s. 

Conclusions 

AA6082 TWBs have been deformed under hot stamping conditions. An advanced forming limit 

prediction model, based on the theories of Hosford yield function, the anisotropic nature of plastic 

deformation and the M-K theory in sheet metals, has been proposed to investigate the necking 

features. Good agreement between the prediction and experiments, particularly for the forming 

speed and thickness ratio dependency of the failure mode, suggests the advantages of the model in 

accurately modelling the complicated forming process featuring non-isothermal and complex 

loading conditions. The conclusions are summarised below. 

1. Two failure modes, i.e. circumferential necking and parallel weld necking, were observed 

on the dissimilar gauged TWBs depending on the forming speed. At a slower speed, 

failure took place circumferentially at the middle height of the formed dome. At a faster 

speed, failure is parallel to the weld line and located in the thinner blank side. 
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2. The forming process window for different gauged AA6082 TWBs indicates that the 

larger variation in thickness, the lower formability in terms of limit strain or LDH. The 

formability of a specified TWB is generally enhanced at a higher forming speed. 

However, there exists a failure transition zone, where the forming speed is optimal (40 

and 275 mm/s for the 2.0-1.0 and 2.0-1.5 mm TWB parts, respectively) and the 

maximum formability (or LDH) can be obtained hereby due to interaction among the 

complex loading conditions. 

3. The development of failure is a combined result of the simultaneous changes in the 

temperature, strain rate and loading path, which have significant impacts on the material 

response (i.e. incremental work per unit volume ratio) and eventually lead to transition of 

the failure position as the forming speed changes. The incremental work per unit volume 

ratio dominates in the prediction of localised necking at complex loading conditions. 

Strain rate is the primary factor accelerating localised necking in the TWBs when the 

failure is transiting from the circumferential mode to parallel mode. 
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