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Abstract. The process of Hot Form and Quench for aluminium alloys, known as HFQ®, has been 
developed and applied to manufacture lightweight, high-strength engineering panel components 
in the automotive industry. However, formability evaluation for the alloys under hot stamping 
conditions is challenging. In this study, a recently developed biaxial testing method has been 
applied to aluminium alloy AA6082 for formability evaluation at temperatures ranging from 440–
510 °C and at a strain rate of 0.1 s-1. This method involves heating cruciform specimens via the 
resistance heating system in the Gleeble, and deforming them until fracture via a customised 
biaxial tensile rig which transfers a uniaxial force into biaxial forces. The location for welding 
thermocouples on cruciform specimen surface for temperature feedback control in the Gleeble is 
investigated. Furthermore, temperature nonuniformity within the gauge area of cruciform 
specimens is quantified, and biaxial tensile tests on the specimens are carried out under different 
conditions. Both the limit strains at the onset of necking and at fracture are determined, and their 
dependency on the deformation conditions is analysed. It is found that the biaxial testing method 
is applicable to AA6082 for formability evaluation under hot stamping conditions. In addition, the 
limit major strains vary with the strain state, but exhibit a minor dependency on the temperature in 
the range investigated. 
Introduction 
Hot Form and Quench (HFQ®) for aluminium alloys is a hot stamping process for manufacturing 
lightweight, high-strength panel components for a wider range of industrial applications [1]. 
During the processes, the alloy is heated for solution heat treatment, and then quickly transferred 
into cold process dies for simultaneous forming and in-die quenching, followed by artificial aging 
to obtain the highest strength because of the precipitate hardening [2, 3]. Numerical simulations of 
hot stamping processes are essential to the design and optimisation of these processes [4, 5]. For 
accurate numerical simulations, it is essential to determine the thermo-mechanical properties of 
the alloy under hot stamping conditions for the development and calibration of materials 
constitutive models [6-8]. 

Formability refers to the capability of an alloy to undergo plastic deformation without 
experiencing failure [9]. Forming limit curves (FLCs) are the most widely used tools to 
quantitively evaluate the formability for sheet metals, which are constructed using the limit strains 
at the onset of necking in various strain states from uniaxial over plane-strain to equi-biaxial 
tensions [10-12]. Fracture forming limit curves (FFLCs) are more recently developed tools, which 
are constructed using the limit strains at fracture [13]. The Nakajima tests have been widely carried 
out to determine FLCs of sheet metals at room temperature [14-16], and even at high temperatures 
[17-19]. In the Nakajima tests, sheet metals are deformed by a hemispherical punch through 
thickness direction [20]. In order to reduce the friction between the punch and the blank, a suitable 
lubricant system should be applied, so that the fracture of the blank occurs within a certain region 
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[20]. For high temperature tests, the blank is heated in furnaces. However, due to the challenge to 
replicate the intricate thermal cycle in hot stamping, and the failure of lubricant system at high 
temperatures, it is extremely difficult to apply the Nakajima tests to determine FLCs and/or FFLCs 
for sheet metals under hot stamping conditions. 

Recently, a biaxial testing method has been developed and successfully applied to boron steel 
for the determination of both FLCs and FFLCs under hot stamping conditions [21]. In this testing 
method, a type of cruciform specimen was designed, and heated using the resistance heating 
method. By leveraging the feedback control heating system in the Gleeble thermo-mechanical 
simulator, it has been found that the intricate thermal cycle for hot stamping can be replicated 
accurately. In addition, since the specimens are stretched in plane-stress state, lubricant systems 
are not required anymore as in the Nakajima tests. However, the applicability of the biaxial testing 
method to aluminium alloys, such as the cruciform specimen design and the heating method, is 
still unknown. 

The present study aims to apply the newly developed biaxial testing method to aluminium alloy 
AA6082 for the determination of both FLCs and FFLCs under hot stamping conditions. Cruciform 
specimens of AA6082 are heated using the resistance heating method, and stretched under 
different loading, temperature and strain rate conditions. The digital image correlation (DIC) is 
applied to measure the full-field strain within the gauge area of the specimens. The strain data are 
consequently post-processed to determine the limit strains at necking and fracture for constructing 
both FLCs and FFLCs. 
Methodology 
Material and thermal cycle for hot stamping. Aluminium alloy AA6082 sheets with an initial 
thickness of 1.5 mm are used in the present study. The composition of the alloy is Al-0.87Si-
0.33Fe-0.026Cu-0.51Mn-0.97Mg-0.044Cr0.025Zn-0.016Ti (wt. %). Fig. 1 shows the temperature 
cycle of AA6082 which mimics the conditions during industrial hot stamping processes. The alloy 
is heated to 535 °C and soaked at this temperature for 60 s to generate supersaturated solid solution. 
Subsequently, the alloy is quenched at 60°C/s to the target forming temperature for thermo-
mechanical deformation. 
 

 
Fig. 1. Temperature cycle for AA6082 for hot stamping. 

Biaxial testing method. The biaxial testing method, originally developed in Ref. [21], is applied 
to AA6082 for formability evaluation under hot stamping conditions in the present study. Fig. 2(a) 
shows the schematic diagram of utilising this biaxial testing method to determine forming limit 
curves (FLCs) and fracture forming limit curves (FFLCs) for the alloy. In this method, a biaxial 
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tensile system is used to heat and stretch cruciform specimens under various loading conditions. 
The biaxial tensile system consists of a Gleeble thermo-mechanical simulator and a customised 
biaxial tensile rig. During the testing, the biaxial tensile rig is installed inside the chamber of the 
Gleeble, as shown in Fig. 2(b), and transfers, through slider-crank mechanisms, uniaxial forces 
provided by the Gleeble into biaxial forces for stretching cruciform specimens. The Gleeble also 
provides electric currents to heat the specimens using the resistance heating method to precisely 
achieve the complex temperature cycle including rapid heating and quenching as shown in Fig. 1. 
During the deformation of the specimens, the strain fields within the gauge area are measured 
using the digital image correlation (DIC), and consequently post-processed using the spatio-
temporal method, originally developed in Ref. [22], to determine the limit strains at the onset of 
necking and at fracture. Finally, those limit strains are used to construct both FLCs and FFLCs. 
Fig. 1(c) shows the experimental setup for formability evaluation, including the Gleeble, the high-
speed camera (Photron FASTCAM Mini delivering 1,280 by 1,024 pixel resolution) for DIC, and 
the biaxial tensile rig together with the cruciform specimen, etc. Fig. 2(d) presents the geometry 
and dimensions of the cruciform specimen, originally developed in Ref. [21, 23], and its heating 
scheme. The gauge area of each specimen is located in the centre, and is intentionally thinned into 
a domed shape to concentrate and localise deformation within this region. Regarding the heating 
scheme, the upper arm of each specimen is connected to the positive electrode, and the lower arm 
is connected to the negative electrode. During the testing, electrical currents provided by the 
Gleeble, flow through the specimen and heat the specimen based on the phenomena of joule 
heating. 
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(d) 

Fig. 2. Biaxial testing method for formability evaluation under hot stamping conditions, (a) 
Schematic diagram of utilising the biaxial testing method to determine forming limit curves 

(FLCs) and fracture forming limit curves (FFLCs), (b) Experimental setup, (c) Biaxial tensile rig 
and its setup in the Gleeble, and (d) Geometry and dimensions (unit: mm) of the cruciform 

specimen. Symbols ‘+’ and ‘–’ mean connecting positive and negative electrode, respectively. 
Regarding the strain measurement using DIC, in the present study, a region of 35 mm by 28 

mm on specimen surface which covers the gauge area throughout the deformation was recorded 
using the high-speed camera. The pictures were post-processed using the commercial software 
GOM Correlate 2018, with setting facet size to 19 pixels and point distance to 10 pixels. 

Table 1 lists all testing conditions for formability evaluation in the present study, including 
loading state, temperature and strain rate. Each test was repeated twice to enhance the accuracy 
and reliability of the data obtained. 

 
Table 1. Testing conditions for biaxial tensile tests for formability evaluation. 

Test Loading state Temperature (°C) Equivalent strain rate (s-1) 
1 Equi-biaxial 440 0.1 
2 Plane-strain 440 0.1 
3 Uniaxial 440 0.1 
4 Equi-biaxial 510 0.1 
5 Plane-strain 510 0.1 
6 Uniaxial 510 0.1 

Results 
Temperature distributions. It is well known that the heating system in the Gleeble results in a 
nonuniform temperature distribution within the gauge area of the specimen [24]. The temperatures 
at the locations A, B, and C, as indicated in Fig. 3, were therefore measured and quantified by 
using K-type thermocouples welded at these locations. Fig. 3 shows the results when controlling 
the temperature at A to reproduce the target temperature cycle specified in Fig. 1. As can be seen, 
the target temperature cycle at A was reproduced precisely. Furthermore, after the temperature 
stabilises, the location A has the highest temperature, followed by B and then C. As indicated in 
Fig. 2(d), in the present study, the measured temperature cycle at B was used to indirectly control 
the temperature at A. Additionally, the stabilised temperatures at B and C were quantified when 
the stabilised temperature at A reached different values. Table 2 lists the results. As can be seen, 
the difference between the temperatures at A and C, which represent the maximum temperature 
difference within the gauge area [21], is less than 20°C. 

K-type thermocouple
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Fig. 3. Temperature distribution in the intersection region of the cruciform specimen, with an 

inset showing the locations of A, B and C. 
 

Table 2. Stabilised temperature (°C) at the locations A, B and C of cruciform specimen during 
soaking and deformation. Different cases mean the stabilised temperature at A reaching different 

values. 

Location Case I Case II Case III Case IV 
A 535 510 440 370 
B 525 498 432 361 
C 513 490 420 357 

 
Fracture cruciform specimens. Fig. 4 shows the fractured cruciform specimens of AA6082 

under the different conditions listed in Table 1. As can be seen, the fracture occurred near the 
specimen centre in all the tests. This indicates the effectiveness of the specimen design for 
evaluating the formability for AA6082 [25], similarly to the applications to boron steel [21]. 
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Fig. 4. Fractured cruciform specimens of AA6082 at different temperatures and strain rates. 
Fig. 5 shows the total force applied to the biaxial tensile rig for stretching these cruciform 

specimens until the fracture; the force was measured by the load cell as indicated in Fig. 2(b). As 
can be seen, the force required to induce fracture in the specimens in plane-strain tension is smaller 
than that in plane-strain tension but higher than that in uniaxial tension. Additionally, a higher 
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temperature results in lower forces needed to fracture the specimens. Similar phenomenon was 
observed in the applications to boron steel [21]. However, the fracture force required for AA6082 
is significantly less than that for boron steel. 
 

 
(a) 

 
(b) 

Fig. 5 Total force applied to the biaxial tensile rig for stretching the cruciform specimens at (a) 
440°C and 0.1 s-1 and (b) 510°C and 0.1 s-1. 

Fig. 6 shows the strain fields within the gauge area of the specimens, measured using DIC, in 
different loading states at 510°C and 0.1 s-1. The percent values 0%, 50%, 80% and 98% represent 
the time normalised by the time at fracture. As can be seen, the full field strains within the gauge 
area before 98% were successfully measured in all the cases. Furthermore, as the time increases, 
the deformation within the gauge area increases, especially in the vicinity of the specimen centre. 
This is attributed to the nonuniform thickness (Fig. 2(d)) and the temperature distribution (Fig. 3) 
within the gauge area. 
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Fig. 6. Evolution of the strain fields in the gauge area of the cruciform specimens deformed in 

different loading states at 510°C and 0.1 s-1. The percent values 0%, 50%, 80% and 98% 
represent the times normalised by the time at fracture. 
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FLCs and FFLCs for AA6082. Based on the strain fields measured using DIC, the limit strains 
at the onset of necking and at fracture were determined by using the spatio-temporal method. To 
apply this method, a base zone (BZ) and a reference zone (RZ) were selected around the location 
where necking occurred, as shown in Fig. 6. Both zones have the same size along the localised 
necking band, but differ in the dimension perpendicular to the band. Specifically, the initial size 
of BZ is 1.1 mm by 1.1 mm, while the size of RZ is 2.2 mm by 1.1 mm [21]. Fig. 7(a1), (b1) and 
(c1) shows the thinning within BZ against the thinning within RZ in different loading states at 
510°C and 0.1 s-1. Bilinear fitting was applied to the thinning data, both during the initial stages 
and the later stages of deformation. Subsequently, the onset of localised necking was identified at 
the intersection of the fitted lines. Fig. 7(a2), (b2) and (c2) shows the limit strains determined using 
the spatio-temporal method, together with the strain paths until fracture. Among the three strain 
states presented, the strain path obtained in equi-biaxial tension demonstrates the best linearity, 
with the associated strain ratio of approximately 0.6. 
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(c1) 

 
(c2) 

Fig. 7. Determination of the limit strains at the onset of necking and at fracture using the spatio-
temporal method for the specimens deformed at 510°C and 0.1 s-1: the thinning within the base 

zone (BZ) against the reference zone (RZ) in (a1) equi-biaxial, (b1) plane-strain and (c1) 
uniaxial tensions, and the strain paths with the determined limit strains in (a2) equi-biaxial, (b2) 

plane-strain and (c2) uniaxial tensions. 
Fig. 8 shows the collated limit strains at necking for FLCs and at fracture for FFLCs for AA6082 

at 440°C and 0.1 s-1 and at 510°C and 0.1 s-1, determined using the biaxial testing method in the 
present study. As can be seen, the limit major strain values at both necking and fracture are 
dependent on strain state; they are the highest in uniaxial tension, and decrease at a decreasing rate 
as the strain ratio increases. Additionally, the limit strain values are slightly dependent on the 
deformation temperature in the range investigated (i.e. 440–510°C) in the present study. 
 

 
Fig. 8. Determined limit strains at necking for constructing forming limit curves (FLCs) and 
limit strains at fracture for constructing forming limit curves (FFLCs) for AA6082 under hot 

stamping conditions. 
Conclusion 
The formability of AA6082 sheets under hot stamping conditions at 440-510°C and 0.1 s-1 has 
been successfully evaluated using a recently developed biaxial testing method. The maximum 
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temperature difference within the gauge area of the cruciform specimen is approximately 20°C. 
Furthermore, this testing method ensures the fracture initiation near the specimen centre, 
contributing to achieving almost linear strain paths with target strain ratios. The determined limit 
strains at both necking and fracture depend on the strain states, with a minor dependency on the 
deformation temperature investigated in this study. 
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