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Abstract 

Boron steel is the most widely used material in hot stamping applications for forming automotive 

body panels with complex shapes and ultra-high strength. Due to the high austenitic transformation 

temperatures and the complex thermal cycle required for hot stamping, however, it is difficult to 

evaluate the formability of the material using standard punch test methods developed for room-

temperature testing. In this study, a high-temperature modification of a recently developed biaxial 

test method has been used to determine, in a single test procedure and for the first time, forming limit 

curves (FLCs) and fracture forming limit curves (FFLCs) for 22MnB5 boron steel sheet with a 

thickness of 1.5 mm under thermal conditions that are representative of industrial hot stamping 

processes. A direct resistance heating strategy has been developed, and a recently proposed cruciform 

specimen design has been modified for high-temperature use. For tests with target temperatures in 

the range of 750 to 925 °C, the resulting test specimens had the highest temperature at the specimen 

centre and a temperature difference of less than 45 °C in the gauge area and fracture occurred close 

to the centre of this area under all test conditions investigated. Limit strains at the onset of necking 

and at fracture for the material have been determined by applying digital image correlation (DIC) to 

obtain full-field strain measurements, providing an experimental foundation for constructing both 

FLCs and FFLCs for industrial applications. 
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1. Introduction 

Hot stamping, also called hot forming or press hardening, is widely used in industry to form 

lightweight parts, where complex shapes and ultra-high strength are required (Karbasian and Tekkaya, 

2010). Hot stamped boron steel sheet is one of the main materials used in safety-critical automotive 

parts (Merklein et al., 2016); its use has become widespread in the vehicles launched onto the market 

in recent years (e.g. Bachman (2018)). In the hot stamping process, boron steels are held above the 

Ae3 temperature (around 900 °C) for a long enough time to obtain a homogeneous austenitic 

microstructure (Merklein and Lechler, 2006); the steels are transferred to water-cooled forming tools 

within several seconds, then formed and quenched simultaneously. With the increasing use of hot-

stamped steel components in lightweight vehicles, characterising the formability of boron steel under 

these conditions has become essential for controlling the final product quality and evaluating the 

success of the sheet forming operation (Turetta et al., 2006). 

Forming limit curves (FLCs), originally proposed by Keeler (1965) and Goodwin (1968) are the most 

widely accepted tools for the assessment of the formability of metallic materials. They are generated 

by plotting the necking limits, i.e. the major strain at the onset of localised necking, 𝜀1, against the 

corresponding minor strain 𝜀2 (Raghavan, 1995). A complementary tool for formability evaluation, 

which may be preferred over FLCs in certain applications, is fracture forming limit curves or FFLCs 

(Atkins, 1996). These are plotted using the fracture limits, i.e. the major and minor strains at the onset 

of fracture (Jawale et al., 2018). The most popular methods for the determination of FLCs and FFLCs 

at room temperature are the Nakajima and Marciniak tests; here, waisted specimens are clamped 

between a blank holder and a die, and are deformed to fracture using a hemispherical punch in the 

Nakajima test (Nakazima et al., 1968) and a flat punch in the Marciniak test (Marciniak and 
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Kuczyński, 1967). It is worth mentioning that, in both the Nakajima (Li et al., 2020) and the Marciniak 

tests (Wang et al., 2014), a suitable lubricant system must be used between the punch and the 

specimens in order to initiate failure near to the specimen centre (i.e. within a distance less than 15% 

of the punch diameter), since the test is only valid in this case. Formability evaluation using either 

the Nakajima or the Marciniak procedure has been standardised in the international standard ISO 

12004-2 (BS EN ISO 12004, 2008). These test methods have also been used for the evaluation of 

formability of sheet metals at high temperatures (Palumbo et al., 2008); for this, specimens must be 

held at the required temperatures throughout deformation. One method of achieving this is to install 

the testing tools such as the punch, die and specimen holder in a furnace and carry out the test within 

it (Bruni et al., 2010). An alternative approach is to preheat the tools and then allow them to heat the 

specimens by thermal conduction during the test (Ma et al., 2016). However, it is difficult to evaluate 

the formability of boron steel at hot stamping temperatures using either the Nakajima or the Marciniak 

procedure (Min et al., 2010b). One reason for this difficulty is that the high temperatures required to 

austenitise the material before stamping cause the failure of the lubricant systems between the punch 

and the specimens (Li et al., 2014). The other is that the complex heat treatment route used in the hot 

stamping of boron steel cannot be precisely reproduced using existing methods for high-temperature 

Nakajima or Marciniak testing (Bariani et al., 2008). 

Biaxial test methods using cruciform specimens (BS ISO 16842, 2014) represent an alternative 

approach to high-temperature formability evaluation, and their potential has already been 

demonstrated (Xiao, 2019). In this approach, the specimen is heated to its target temperature and 

maintained at this temperature while being stretched to failure under a state of plane stress using a 

biaxial testing system (Hannon and Tiernan, 2008), together with a system for measuring strain fields 

and a method for determining limit strains (Leotoing et al., 2013). Using a biaxial tensile testing 

machine equipped with a furnace for heating specimens described by Xiao et al. (2016), Xiao et al. 

(2017) determined FLCs for a TA1 titanium alloy sheet of thickness 1 mm at a range of temperatures 
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from 25 to 800 °C. Shao et al. (2016) designed and patented a new biaxial tensile rig which was 

assembled in a Gleeble thermal-mechanical simulator, enabling in-situ heating during testing, and 

evaluated FLCs for an AA6082 aluminium alloy sheet with a thickness of 1.5 mm at hot stamping 

temperatures over a range of 400 to 500 °C. Chen et al. (2020) determined FFLCs for an AA7075 

sheet with a thickness of 1.8 mm at 480 °C. A major advantage of biaxial test methods is that, unlike 

in the Nakajima test, there is no need to use lubricant systems (Güler and Efe, 2018), so the problems 

caused by the failure of the lubricants at high temperatures in the Nakajima test, such as initiation of 

fracture at undesirable locations, can be avoided. Due to the lack of a widely accepted cruciform 

specimen design enabling linear strain paths to be generated at the site where fracture initiates (Zidane 

et al., 2010) and a suitable method for determining the necking and fracture limits (Min et al., 2017a; 

Min et al., 2017b), however, biaxial test methods have not been commonly used for formability 

assessment even at room temperature. 

In a recent study (Zhang et al., 2021c), a biaxial test method which comprised a cruciform specimen 

geometry (Zhang et al., 2021a), a biaxial testing system for straining cruciform specimens under plane 

stress (Shao et al., 2016), and a spatio-temporal method for measuring both the necking and fracture 

limits (Zhang et al., 2021b) was successfully applied to generate an FLC and an FFLC in the same 

test procedure for an AA5754 sheet with a thickness of 1.5 mm at room temperature. This biaxial test 

method was validated by comparing the necking limits obtained with this method against those 

obtained using the standard Nakajima method (Zhang et al., 2021c). One of the challenges when 

applying this biaxial method to the formability assessment of boron steel at hot stamping temperatures 

is reproducing the heat-treatment histories used in industrial hot stamping processes (Farhadzadeh et 

al., 2018). In their previous study, Shao et al. (2016) demonstrated that heating the cruciform 

specimens using a direct resistance heating system in a Gleeble thermal-mechanical simulator before 

and during stretching using the patented biaxial rig allowed industrially relevant thermomechanical 

cycles to be replicated. According to the numerical simulation result presented in Fig. A3 of Appendix 
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A, however, the direct resistance heating method applied to the existing cruciform specimens gives 

maxima of temperature at positions outside the gauge region, such that it is highly unlikely that 

fracture would be initiated at the specimen centre. It is therefore not possible to apply the method in 

its existing form (Zhang et al., 2021c) to high-temperature testing without modifications to the test 

methodology. 

The aim of the present study is to extend the application of the recently developed biaxial test method 

(Zhang et al., 2021c) to high temperatures, using the results to construct both FLCs and FFLCs for a 

22MnB5 boron steel sheet with a thickness of 1.5 mm at hot stamping temperatures. A new direct 

resistance heating strategy is used to heat the boron steel specimens. The recent specimen design is 

modified to increase the temperature at the specimen centre relative to that in the other regions and 

hence to enable the fracture to be initiated near the centre of the specimen under all test conditions, 

and to produce a more uniform temperature distribution within the specimen gauge area. Biaxial 

tensile tests at hot stamping temperatures are carried out on the boron steel sheet under different 

conditions of strain state, temperature and strain rate. Digital image correlation (DIC) is applied to 

measure the full-field strains within the specimen gauge area. Both the necking and fracture limits 

are determined, and FLCs and FFLCs for the material are constructed and discussed. 

2. Methodology 

2.1. Material and hot stamping thermal cycle 

Zinc-coated boron steel (22MnB5) sheet with an initial thickness of 1.5 mm was used in the present 

study. The material had the chemical composition Fe-0.20C-1.17Mn-0.25Si-0.20Cr-0.002S-

0.0029B-0.028Ti-0.001Nb-0.023Ni (wt. %). Fig. 1 shows an illustrative thermal cycle used in this 

study to mimic industrial hot stamping conditions for boron steel (Zhang et al., 2020). The material 

was heated from room temperature to 875 °C at an initial constant heating rate of 10 °C/s, then a 

lower heating rate of 5 °C/s was used to heat to 925 °C to avoid temperature overshoot. After soaking 
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at 925 °C, which is above the Ae3 temperature (i.e. 850-900 °C) for this material (Li et al., 2016), for 

60 s to ensure full transformation to austenite, the material was air quenched at a constant rate of 

60 °C/s to the forming temperature 𝑇F, which takes a value between Ae1 (i.e. 700-750 °C) and Ae3, 

such as the value of 800 °C shown in Fig. 1. 

 

Fig. 1. Temperature profile used in the present study to mimic industrial hot stamping (Zhang et al., 2020). 

2.2. Modified biaxial test method for formability assessment at high temperature 

The recently developed biaxial test method, which was demonstrated to be capable of determining 

formability (i.e. both FLCs and FFLCs) at room temperature (Zhang et al., 2021c), is modified and 

applied in the present work to determine the formability of materials at the high temperatures 

associated with hot stamping. This modified method is schematically illustrated in Fig. 2, in which a 

Gleeble thermal-mechanical simulator equipped with a direct resistance heating system is used to 

provide multi-step heat treatments such as those shown in Fig. 1 (Zhang et al., 2020). The biaxial 

tensile system consists of the Gleeble and the biaxial tensile rig. In the same way as in room-

temperature testing, the slider-crank mechanisms of the biaxial tensile rig convert the uniaxial force 

provided by the Gleeble to the biaxial forces needed for straining cruciform specimens in plane stress. 
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The spatio-temporal method (Zhang et al., 2021b) is used to analyse the full-field strains, measured 

using the DIC method, of the cruciform specimen throughout deformation, and to obtain the necking 

and fracture limit strain pairs (𝜀2, 𝜀1); these are necessary to generate FLCs and FFLCs, respectively. 

 

Fig. 2. Schematic of the modified biaxial test method for determining both FLCs and FFLCs at high temperature. The 

biaxial test method consists of three main parts (circled with dashed red lines), i.e. the biaxial tensile system to provide 

direct resistance heating and biaxial force, the cruciform specimen to produce various strain states, and the spatio-temporal 

method to obtain the necking and fracture limit strain pairs (𝜀2, 𝜀1), where 𝜀1 is the limit major strain and 𝜀2 is the 

associated minor strain. 

2.3. Experimental programme 

2.3.1. Direct resistance heating strategy and modified cruciform specimen design 

The heating strategy used in the present work is illustrated in Fig. 3; the upper arm is connected to 

the positive electrode of the direct resistance heating system and the lower arm is connected to the 

negative electrode. To give greater uniformity in temperature within the gauge region, the cruciform 

specimen design that was used for room-temperature testing (Zhang et al., 2021c) has been modified; 

these modifications are (1) removing the slits in the vertical arms, (2) reducing the distance 𝐷S−V 

between two opposite slits in the horizontal arms from 20 to 17.5 mm, (3) increasing the distance 𝐷F 

between two adjacent arm notches from 20 to 26 mm, and (4) increasing the number 𝑁S of slits in 
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each horizontal arm from 2 to 4, to give the design shown in Fig. 3. The reason for removing the slits 

in the vertical arms is to increase the stiffness of the vertical arms in the arm notches. The reason for 

reducing 𝐷S−V and increasing 𝐷F is to decrease the cross-sectional area, through which the current 

flows in the vertical direction, of the central thinned region (e.g. Section IV-IV in Fig. 3) relative to 

that of the vertical arms near the arm notches (e.g. Section III-III), and thus to enable higher 

temperatures to develop in the central thinned region than in other regions, particularly in the vertical 

arm notches. The increase of 𝑁S is to reduce the lateral stiffness of the horizontal arms to compensate 

for the increase in lateral stiffness that would otherwise be caused by increasing 𝐷F. Fig. 3 presents 

the modified cruciform specimen design used in the present study, together with the parametric 

dimensions; the values of these are given in Table 1. The thinned region, also called the thickness-

reduced zone, contains a gauge area with diameter 𝐷C, which is thinned using a dome profile of radius 

𝑅D through the thickness on only one side of the specimen. The other side of the specimen, which 

faces the camera in all the tests, is flat in the gauge area. The specimens used in the present study 

were thinned using computer numerical control (CNC) milling machines. 

 

Fig. 3. Geometry and dimensions of the modified cruciform specimen design for formability tests on boron steel at hot 

stamping temperatures, showing locations A, B, C, D and E selected for experimental temperature measurement. The 

symbols ‘+’ and ‘−’ represent the connection of the grip regions to the positive and negative electrodes, respectively. 
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Table 1 Dimensions (in millimetre) of the modified cruciform specimen design. 

Feature Central area Slits in arms Thickness-reduced zone 

Dimension 𝐷F 𝑅F 𝑁S 𝐷S−V 𝑊S 𝐷S−P 𝐷R 𝐻R 𝑅R 𝐷C 𝑅D 

Value 26 3.75 4 17.5 0.75 2 13.5 0.7 1 10 60 

 

Due to the symmetrical boundary conditions, the temperature distribution in the specimens is 

expected to be symmetrical with respect to both the horizontal and the vertical arm axes (Fig. 3). To 

evaluate the temperature distribution during typical hot-stamping thermal cycles (Fig. 1), the 

temperature at the five locations A, B, C, D, and E, indicated in Fig. 3, as well as that at the centre, 

was experimentally measured using type K thermocouples. Of these locations, A, B, and C are in the 

ring zone and D and E on a circle of radius 11.75 mm centred on the specimen centre. Locations A 

and D lie on the vertical central axis and C on the horizontal central axis, while B and E are on a line 

through the centre at an angle of 45° to the vertical arm direction. Locations A, B and C are on the 

circumference of the gauge area and, together with the central thermocouple, are used to characterise 

the degree of temperature variation within the gauge area. In addition, these experimental temperature 

data were used to calibrate finite element (FE) simulations used in the development of the modified 

cruciform specimen and calculation of temperature distributions; details of the FE simulations can be 

found in Appendix A. 

2.3.2. Test conditions 

Considering the highly viscoplastic nature of the boron steel at hot stamping temperatures (Zhang et 

al., 2020), formability tests were carried out at temperatures from 750 to 850 °C and effective strain 

rates from 0.02 to 0.5 /s. The full set of conditions is given in Table 2. In order to construct whole 

FLCs and FFLCs, formability tests under each of the sets of conditions in Table 2 were conducted in 

three different strain states. Displacement ratios ∆𝑦/∆𝑥 of 1, 0.2 and −0.17 were applied, where ∆𝑦 
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is the relative displacement of the specimen grips in the vertical arm direction and ∆𝑥 that in the 

horizontal direction, and negative values represent compression in the vertical direction, with the aim 

of achieving equi-biaxial (β = 1), plane-strain (β = 0) and uniaxial (for isotropic materials, β = −0.5) 

strain states, respectively, where β = d𝜀2 d𝜀1⁄  is the ratio of minor strain increment (d𝜀2) to major 

strain increment (d𝜀1). These displacement ratios were determined using trial and error and have been 

used in earlier room-temperature tests (Zhang et al., 2021c). It will be seen in Section 3.2 that the 

displacement ratios are different from the strain ratios. One reason for this is that the strain ratios are 

defined using true strain increments rather than engineering strain increments. The other reason is 

that the deformation within the specimen gauge area along both the vertical and horizontal arm 

directions is nonuniform, as will be seen in Section 3.2. At least two tests were carried out for each 

set of conditions. During high-temperature testing, a pair of thermocouples (Type K) was welded to 

the specimen centre to supply signals to enable accurate feedback control of the specimen temperature. 

The total force applied to the biaxial rig was measured using the load cell of the Gleeble during each 

test. 

Table 2 Test conditions (indicted by ‘√’) for formability evaluation of the boron steel at hot stamping temperatures. 

Temperature (°C) 

Effective strain rate (/s) 

0.02 0.1 0.5 

750  √  

800 √ √ √ 

850  √  

 

2.3.3. Strain field measurement and limit strain determination from test specimens 

The DIC technique was used in the present study to measure strain fields. The speckle patterns on the 

specimens were prepared using the method developed by some of the present authors (Zhang et al., 



11 

 

2020). The thermomechanical tests were carried out in vacuum to avoid oxidation of the material. 

Images of the gauge area of the specimen were recorded throughout deformation using a high-speed 

camera with a frame rate determined for each effective strain rate by trial and error, namely, 50 frames 

per second (fps) for the tests at 0.02 /s, 250 fps at 0.1 /s, and 500 fps at 0.5 /s. Strain values were 

obtained from the images using the GOM Correlate software package (GOM, Germany) by setting 

facet size to 19 pixels and point distance to 10 pixels. In the recorded pictures, the gauge zone of the 

cruciform specimens had at least 3 × 105 pixels to ensure sufficient precision of the measured strain 

fields. 

The spatio-temporal method to obtain both necking and fracture limit strains, developed by Zhang et 

al. (2021b), was used in the present work. The parameters introduced in the spatio-temporal method 

have the following values in the present study: 𝑊BZ = 2 × ℎ0, 𝑊RZ = 2 × 𝑊BZ, 𝑊L = 2 × ℎ0, 𝑡BN = 0.4 

× 𝑡F, and 𝑡AN = 0.998 × 𝑡F, where ℎ0 is the thickness of the test specimen before deformation. 

3. Results 

3.1. Temperature distributions 

Fig. 4(a) shows the temperature histories measured at the centre and at locations A and C for a target 

forming temperature 𝑇F of 750 °C; Fig. 4(b) shows the same curves for 𝑇F = 850 °C. In both cases, 

the temperature histories measured at A and C closely follow that measured at the specimen centre, 

but are slightly shifted towards lower temperatures, the shift being more pronounced at C than at A. 

Fig. 4(a) also shows a photograph of the specimen (inset), taken approximately at the time marked 

on the curve. There is a change of colour from red to orange, yellow and white going from the edges 

to the central region of the specimen; this indicates an increase of temperature. The colours are 

symmetrically distributed about the specimen centre lines (horizontal and vertical), giving qualitative 

evidence that the temperature distribution is symmetrical about these lines, as is expected from the 

boundary conditions. 
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(a) 

 

(b) 

Fig. 4. Measured temperature histories at the specimen centre and at locations A and C, for target forming temperature 

𝑇F of (a) 750 °C and (b) 850 °C. 

The mean temperature value for each thermocouple and condition was obtained from an interval over 

which the temperature was considered to have stabilised (inset in Fig. 4(b)). Table 3 presents the 

results for four different specimen centre temperatures, which were obtained by following the thermal 

cycle shown in Fig. 1: the first line of Table 3 is for the soaking temperature of 925 °C and the 
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following lines are for soaking at 925 °C followed by holding at the forming temperatures (𝑇F) of 

850, 800 and 750 °C. Each test condition was repeated three times and the mean values of these 

repetitions were given in Table 3, together with the standard deviation s. Considering only the 

measurements made in the thinned zone, the temperature was higher at the specimen centre than at 

any of the locations A, B, C in all cases. The decrease in temperature from the specimen centre to 

these locations was greater in the horizontal arm direction (location C) than in the vertical (A) and 

diagonal (B) directions. When the specimen centre was at the target temperature of 925 °C, the 

temperature was 12 °C lower than this at location A, and 28 °C lower at B. The maximum decrease 

within the gauge area was less than 42 °C, only 2.6% of the absolute temperature (in K) at the 

specimen centre. Under the other three test conditions, similar temperature distributions were 

produced, and the maximum temperature variation within the gauge area was less than 43.2, 41.6 and 

39.3 °C, respectively, namely less than 3.1% of the absolute temperature (K) at the specimen centre. 

This indicates that using this heating strategy (Fig. 3), in combination with the specimen design (Fig. 

3 and Table 1), enables minimal temperature variation within the gauge area under the test conditions 

of interest. Regarding the temperatures measured further from the specimen centre, the value at E 

(diagonal) was much lower than that at the specimen centre in all cases. Although the temperature at 

D (vertical) was higher than that at the specimen centre for 𝑇F = 750 and 800 °C, the maximum 

difference between D and the centre temperature was less than 8 °C. 

Table 3 Mean measured temperatures (°C) and associated standard deviation s at locations A, B, C, D and E for different 

temperatures at the specimen centre. 

Specimen centre A B C D E 

925.0 912.9 ± 0.4 896.6 ± 0.5 883.0 ± 0.7 914.9 ± 1.1 859.1 ± 0.9 

850.0 838.8 ± 0.9 819.6 ± 0.4 806.8 ± 1.1 845.8 ± 1.0 786.7 ± 1.5 

800.0 790.0 ± 0.7 770.4 ± 0.8 758.4 ± 0.7 801.2 ± 0.5 741.6 ± 1.6 

750.0 740.4 ± 0.7 721.0 ± 0.7 710.7 ± 0.7 757.9 ± 1.1 696.7 ± 0.8 
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3.2. Practical biaxial tests on boron steel at hot stamping temperatures 

3.2.1. Equi-biaxial tension 

Fig. 5 shows photographs of fractured cruciform specimens of the boron steel after testing in equi-

biaxial tension under the five different test conditions given in Table 2. In all the tests, fracture took 

place very close to the specimen centre and within the gauge area. 

   

(a) (b) (c) 

 

  

 

 (d) (e)  

Fig. 5. Fractured boron steel cruciform specimens in equi-biaxial tension, under conditions (temperature and strain rate) 

of: (a) 750 °C & 0.1 /s, (b) 800 °C & 0.1 /s, (c) 850 °C & 0.1 /s, (d) 800 °C & 0.02 /s and (e) 800 °C & 0.5 /s. 

Fig. 6 shows the determination, using the spatio-temporal method of Zhang et al. (2021b), of the limit 

strains for the equi-biaxial tensile test carried out at 800 °C and 0.1 /s, and the corresponding strain 

path. Fig. 6(a) presents the thickness reduction |𝜀3| in the thickness-reduced zone at the normalised 

times 𝑡 𝑡F⁄  = 0.9 and 1, where 𝑡F is the time to fracture. A base zone (BZ) covering the immediate 

vicinity of the eventual crack site and a reference zone (RZ) covering a wider area were drawn around 

the fracture initiation site, such that the sides of the zones were parallel and perpendicular to the long 

axis of the crack (Fig. 5(b) for the 800 °C and 0.1 /s case). The initial specimen thickness near the 
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specimen centre (ℎ0), which is used to calculate the dimensions of the BZ and RZ (Section 2.3.3) was 

approximately 0.55 mm according to the specimen design (Fig. 3). Fig. 6(b) is a colour plot of the 

major strain 𝜀1. It can be seen that deformation has mainly taken place around the specimen centre. 

In Fig. 6(c), the average thickness reduction within the RZ is plotted versus that within the BZ. When 

deformation is uniform, the ratio between these quantities is ideally unity, but once necking begins, 

the average thickness reduction within the BZ becomes greater than that within the RZ, resulting in 

a change in slope in the plot of RZ versus BZ. Straight lines fitted using the least-squares method to 

experimental data (red dots) in the ranges 0 ≤ t ≤ 𝑡BN (green dashed line) and 𝑡AN ≤ t ≤ 𝑡F (blue dashed 

line) are plotted in Fig. 6(c); the intersection of these lines corresponds to the onset of localised 

necking. The fracture time 𝑡F is defined as the time immediately before the observation of a visible 

crack in the recorded pictures of the gauge area of the specimens. The times 𝑡BN and 𝑡AN used to 

define the datapoints used for fitting the straight lines, are determined from the fracture time using 

the formulae given in Section 2.3.3. The time corresponding to the intersection of the two fitted lines 

is the time 𝑡LN of onset of localised necking. Fig. 6(d) is a plot of the major strain 𝜀1 against the minor 

strain 𝜀2 throughout deformation. The limit strain pair (𝜀2, 𝜀1) at the time of localised necking 𝑡LN, 

was found to be (0.153, 0.346) and the corresponding values at the time of fracture 𝑡F were (0.234, 

0.532). The strain path (plot of 𝜀1 against 𝜀2) is almost linear throughout deformation, while the strain 

ratio β = d𝜀2 d𝜀1⁄  is about 0.45, which is considerably less than the ideal strain ratio of unity expected 

under equi-biaxial stretching. 
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(a) (b) 

  

(c) (d) 

Fig. 6. Determination of necking and fracture limits using the spatio-temporal method for the specimen deformed at 

800 °C and 0.1 /s under equi-biaxial tension: (a) thickness reduction in specimen central region at different normalised 

times, (b) corresponding major strain, (c) time 𝑡LN at the beginning of localised necking and time 𝑡F at fracture, and (d) 

plot of major strain 𝜀1 versus minor strain 𝜀2, showing the necking and fracture limit strain pairs obtained, together with 

strain path. 

3.2.2. Plane-strain tension 

Fig. 7 shows photographs of fractured specimens obtained by testing in plane-strain tension under the 

five test conditions. Similarly to the tests under equi-biaxial tension, fracture took place very close to 

the specimen centre in all these tests. In the plane-strain case, all the cracks observed were oriented 

approximately in the vertical direction. 
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 (d) (e)  

Fig. 7. Fractured specimens subjected to plane-strain tension, at temperatures and strain rates of (a) 750 °C & 0.1 /s, (b) 

800 °C & 0.1 /s, (c) 850 °C & 0.1 /s, (d) 800 °C & 0.02 /s and (e) 800 °C & 0.5 /s. 

As above, both the necking and fracture limit strains were obtained by means of the spatio-temporal 

method. Fig. 8 presents results for the test at 800 °C and 0.1 /s. Figs. 8(a) and 8(b) are colour plots of 

thickness reduction and major strain respectively, at 𝑡 𝑡F⁄  = 0.9 and 1, showing zones BZ and RZ 

drawn around the site where fracture initiated. As in equi-biaxial tension, deformation mainly 

occurred close to the specimen centre. The determination of the times at which localised necking and 

fracture begin, 𝑡LN and 𝑡F, are shown in Fig. 8(c) and the corresponding limit strain pairs, (0.013, 

0.371) and (0.028, 0.574) respectively, in Fig. 8(d). This figure also shows the strain path, which is 

almost linear throughout deformation with an average strain ratio β of about 0.067, very close to the 

ideal strain ratio β = 0 for plane-strain stretching. 

  

(a) (b) 
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(c) (d) 

Fig. 8. Determination of necking and fracture limits using the spatio-temporal method for specimen deformed at 800 °C 

and 0.1 /s under plane-strain tension: (a) thickness reduction in specimen centre region at different normalised times 𝑡 𝑡F⁄ , 

(b) corresponding major strain, (c) identified time 𝑡LN at the beginning of localised necking and time 𝑡F at fracture, and 

(d) the necking and fracture limit strain pairs obtained, together with corresponding strain path. 

3.2.3. Uniaxial tension 

Fig. 9 shows photographs of fractured specimens from testing in uniaxial tension under the five test 

conditions. Again, fracture occurred near the specimen centre within the gauge area, and cracks were 

oriented approximately vertically, similarly to the observations from the tests in plane-strain tension. 
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 (d) (e)  

Fig. 9. Fractured specimens subjected to uniaxial tension, at temperatures and strain rates of (a) 750 °C & 0.1 /s, (b) 

800 °C & 0.1 /s, (c) 850 °C & 0.1 /s, (d) 800 °C & 0.02 /s and (e) 800 °C & 0.5 /s. 

Fig. 10 shows the determination of the limit strains for the test in uniaxial tension at 800 °C and 0.5 

/s using the methods discussed above. As above, Fig. 10(a) shows the thickness reduction at 𝑡 𝑡F⁄  = 

0.9 and 1 and Fig. 10(b) shows the major strain; the zones BZ and RZ used for determining the limit 

strains are also marked in these figures. As in the equi-biaxial and plane-strain cases, deformation 

mainly occurred close to the specimen centre. The determination of the time at the beginning of 

localised necking and at fracture is shown in Fig. 10(c) and the strain path and limit strain pairs at 

localised necking (−0.203, 0.481) and fracture (−0.307, 0.752), are plotted in Fig. 10(d). It can be 

seen that the strain path is again linear, in this case having a strain ratio of about −0.40. 

 

(a) 
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(b) 

  

(c) (d) 

Fig. 10. Determination of necking and fracture limits using the spatio-temporal method for specimen deformed at 800 °C 

and 0.5 /s under uniaxial tension, (a) thickness reduction in specimen centre region at different normalised times 𝑡 𝑡F⁄ , (b) 

corresponding major strain, (c) identified time 𝑡LN at the beginning of localised necking and time 𝑡F at fracture, and (d) 

the necking and fracture limit strain pairs obtained, together with corresponding strain path. 

3.2.4. Force applied to the biaxial rig 

Fig. 11 shows the measured uniaxial force applied to the biaxial tensile rig to stretch the specimens 

until fracture in equi-biaxial (Fig. 11(a)), plane-strain (Fig. 11(b)) and uniaxial (Fig. 11(c)) tension. 

As can be seen, the peak force required to stretch the specimen to fracture in a given strain state 

increased with increasing strain rate and with decreasing temperature. This is due to the viscoplastic 

nature of the material under hot stamping conditions (Zhang et al., 2020). The maximum value of the 

peak force in the equi-biaxial tension case was approximately 24 kN, observed in the test conducted 

at 800 °C & 0.5 /s (Fig. 11(a)). Under plane-strain tension conditions, the maximum value even 

reached approximately 27.5 kN in the test at 750 °C & 0.1 /s, as shown in Fig. 11(b), which was very 

close to the loading capacity of the biaxial tensile rig. This constitutes an upper limit to the size of the 

gauge region in the modified cruciform specimens, which are relatively small compared to the waisted 

specimens used in the standard Nakajima tests. 
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(a) (b) 

 

(c) 

Fig. 11. Total force applied to biaxial tensile rig to stretch the boron steel cruciform specimens until fracture, at the 

temperatures and effective strain rates indicated, in (a) equi-biaxial tension, (b) plane-strain tension, and (c) uniaxial 

tension. (Note different vertical scale for (c).) 

3.2.5. FLCs and FFLCs for 22MnB5 boron steel 

Fig. 12 shows the collated set of limit strain pairs obtained in this study. More than one limit strain 

pair can be seen for certain conditions; these results represent repeat tests carried out under the same 

conditions. Fig. 12(a) is a plot of major strain against minor strain for data obtained at a strain rate of 

0.1 /s and temperatures of 750, 800, and 850 °C, with FLCs and FFLCs generated by connecting the 

limit strain pairs using smooth curves for the same temperature and effective strain rate. These smooth 
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curves are used to guide the eye and are based on shapes observed using Nakajima testing, but further 

work is needed to determine the limit strains in intermediate strain states, so as to construct FLCs and 

FFLCs more precisely. It can be seen from Fig. 12(a) that the forming limits of the material with 

respect to localised necking (i.e. FLCs) and fracture (i.e. FFLCs) become higher at higher 

temperatures. However, this temperature effect is rather small in the temperature range investigated, 

especially for localised necking. For example, in plane-strain tension, the average limit major strain 

at localised necking at 750 °C is about 0.35, which is only 4.6% smaller than that at 800 °C, and 10.8% 

smaller than that at 850 °C. Temperature has a greater influence on the limit strains at fracture, but 

the maximum difference between average limit major strains at fracture is still less than 12%. Fig. 

12(b) presents the data obtained from tests carried out at 800 °C and strain rates of 0.02, 0.1 and 0.5 

/s. The forming limits are slightly higher at lower strain rates within the range investigated, but a 

decrease in strain rate from 0.5 to 0.02 /s has a smaller effect than an increase in temperature from 

750 to 850 °C, with a maximum difference of 6.7% for necking major strain and 9.8% for fracture 

major strain. Furthermore, Fig. 12 demonstrates that the limit major strain values for both localised 

necking and fracture decrease as the strain state is varied from uniaxial to plane-strain, then change 

little from plane-strain to the intermediate strain state (β = ~0.45) between plane-strain and equi-

biaxial. 
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(a) 

 

(b) 

Fig. 12. Collated necking (hollow symbols) and fracture (solid symbols) limit strains for boron steel at hot stamping 

temperatures, and FLCs and FFLCs constructed by connecting limit strains, (a) at 0.1 /s and different temperatures of 750, 

800, 850 °C, and (b) at 800 °C and different strain rates of 0.02, 0.1, 0.5 /s. 
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4. Discussion 

4.1. Cruciform specimen design and temperature distribution 

In this study, a modified cruciform specimen design and a specimen heating strategy, together with 

the existing biaxial tensile system, have been applied successfully to carry out biaxial testing on boron 

steel at hot stamping temperatures. The cruciform specimen design recently reported by Zhang et al. 

(2021a) has been modified to make it suitable for high-temperature applications; all modifications 

and the rationale behind them are described in detail in Section 2.3.1. In the modified cruciform 

specimens, the temperature at the centre was highest within the gauge area and the temperature 

difference between the centre and the perimeter of the gauge area was less than 45 °C for tests in the 

temperature range of 750 to 925 °C. In addition, it was demonstrated that the temperature at the 

specimen centre could be made to follow precisely the heat-treatment histories representative of those 

used in industrial hot stamping operations. For all the test conditions investigated in the current work, 

fracture took place very close to the centre of the cruciform specimen. This indicates the suitability 

of the modified cruciform specimen design and the temperature distribution within the gauge area for 

formability assessment. These achievements make it possible to evaluate the formability of the 

material at hot stamping temperatures. 

However, the current cruciform specimen design has a much smaller gauge area than in the waisted 

Nakajima test specimens (BS EN ISO 12004, 2008). The gauge area is limited in the cruciform design 

because the highest total force to fracture the specimens is close to the loading capacity of the biaxial 

tensile rig (see Fig. 11). It would therefore be of interest, in future studies, to increase the loading 

capacity of the rig and enlarge the gauge zone of the cruciform specimen and compare limit strains 

obtained using the different cruciform specimens. 
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4.2. Strain path and strain state 

According to Figs. 6, 8 and 10, linear strain paths were produced in all the boron steel formability 

tests using the modified biaxial test method. It is well known that in the standard Nakajima test, 

fracture should occur on the top of the dome in order to ensure nearly linear strain paths (BS EN ISO 

12004, 2008). However, this is sometimes difficult to control and achieve, especially in warm or hot 

Nakajima tests (Min et al., 2010a). Since forming limits of sheet metals sometimes depend strongly 

on the linearity of strain paths (Schlosser et al., 2019), the ability of the high-temperature biaxial test 

method presented here to produce linear strain paths is one of the major advantages of this method 

for formability evaluation. In previous studies (Zhang et al., 2021a; Zhang et al., 2021c), linear strain 

paths were obtained in formability tests at room temperature because the fracture was initiated at the 

specimen centre. In the present study, the direct resistance heating method was used for formability 

tests at hot stamping temperatures, and the specimen design developed in (Zhang et al., 2021a) was 

modified to improve the uniformity of the temperature distribution and to make sure that the fracture 

occurred near the specimen centre, so as to obtain linear strain paths as observed. Therefore, obtaining 

the linear strain paths in the present study requires both an optimised specimen design and selection 

of an appropriate heating strategy. Furthermore, it is interesting to note that the linearity of the strain 

paths continued after the initiation of localised necking until fracture, i.e. the strain paths are linear 

throughout deformation. This differs from the observations in some formability tests at room 

temperature such as Nakajima tests (Mu et al., 2020) and biaxial tests (Zhang et al., 2021c), where 

the strain path changes to that of a plane-strain state after the beginning of localised necking. The 

strain path evolution after necking may be related to the specimen geometry and test conditions and 

further work is needed to explain the mechanisms of these different observations. 

The strain ratios achieved in plane-strain and uniaxial tension, i.e. β = 0.067 and β = −0.40 (Figs. 8 

and 10) are very close to the ideal strain ratios β = 0 and β = −0.5, respectively. However, in the equi-

biaxial tension with a displacement ratio of 1, the strain ratio achieved is β = 0.45, considerably lower 
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than the ideal strain ratio β = 1 (Fig. 6(d)). In the recent study of formability evaluation at room 

temperature (Zhang et al., 2021c), a strain ratio smaller than the ideal value of 1 was also observed in 

equi-biaxial tension. However, in that case, a higher value of β = 0.78 was obtained. These results 

suggest that, apart from contributions from the anisotropy of the material, the relatively small strain 

ratio in equi-biaxial tension may be attributed to the difference of temperature distribution between 

the orthogonal arms, and the asymmetry of the cruciform specimen design about the diagonal 

directions. Intermediate strain states between β = −0.40 and β = 0.45 can be achieved by using suitable 

displacement ratios between −0.17 and 1, whereas to successfully obtain strain states between β = 

0.45 and β = 1, the cruciform specimen design may need to be further improved to give the same 

geometry and temperature distribution in the vertical and horizontal arms. The other potential method 

to obtain the equi-biaxial strain state is to apply displacement ratios ∆𝑦/∆𝑥 higher than 1 (e.g. ∆𝑦/∆𝑥 

= 1.2) to the cruciform specimens. This will necessitate a redesign of the biaxial tensile rig to produce 

those displacement ratios, and further work is needed to verify this method. 

4.3. Determination of FLCs and FFLCs at hot stamping temperatures 

Using the modified biaxial test method, both FLCs and FFLCs for 22MnB5 boron steel at hot 

stamping temperatures have been successfully determined for the first time (Fig. 12). The FLC and 

FFLC data determined may provide an experimental foundation for the formulation or calibration of 

viscoplastic constitutive equations for modelling FLCs and FFLCs, such that forming limits of the 

material can be predicted for industrial hot stamping applications (Park et al., 2017). According to 

Fig. 12, the limit major strains at localised necking in the intermediate strain state (β = 0.45) were 

slightly lower than those in plane strain. This differs from a conventional FLC at room temperature, 

in which, as reported by Hu et al. (2018) and by Basak and Panda (2019), the limit major strain in the 

plane-strain state has a lower value than in the other strain states. The possible reasons for this 

difference might be related to materials, test conditions and formability test methods. For example, a 
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similar phenomenon was also reported by Li et al. (2014) in formability evaluation for boron steel 

22MnB5 at 800°C and by Li et al. (2020) for magnesium alloy AZ31B at 150 °C using Nakajima 

testing. The experimental results presented in Figs. 6(c), 8(c) and 10(c) show that the recently 

developed spatio-temporal method (Zhang et al., 2021b) is also applicable to high-temperature tests, 

enabling the necking and fracture limit strains to be determined in a single process. However, 

compared with those in Figs. 8(c) and 10(c), there is a relatively small difference between the slope 

values of the two fitted straight lines in Fig. 6(c), which may increase the experimental uncertainty 

associated with determining the point of intersection of the two lines. This is attributed to the fact that 

necking in equi-biaxial tension proceeds much faster than that in either plane-strain or uniaxial 

tension, as reported by Atkins (1996) and by Song et al. (2017); in equi-biaxial tension, there is only 

a small increase in limit major strains between the onset of localised necking and fracture. In this 

study, at least 20 data points were used for fitting each of the two straight lines separately, so that the 

experimental uncertainty was minimised. 

5. Conclusions 

In this study, a recently developed biaxial test method has been modified and applied for the first time 

to evaluate the formability, in the form of FLCs and FFLCs, of boron steel (22MnB5) sheet with a 

thickness of 1.5 mm at hot stamping temperatures. Biaxial tensile tests have been conducted under 

different forming conditions, and the necking and fracture limits have been obtained for the 

construction of both FLCs and FFLCs. From the study, the following conclusions can be drawn: 

1) The modified biaxial test method, which comprises the modified cruciform specimen design, 

the biaxial tensile system combined with the direct resistance heating strategy and the spatio-

temporal method, has been shown to be capable of determining limit strains at the onset of 

necking and fracture, leading to the possibility of constructing both FLCs and FFLCs for the 

material at hot stamping temperatures. 



28 

 

2) The FLCs and FFLCs determined are relatively insensitive to both temperature and strain rate 

in the ranges used, with the limit major strains varying less than 12% for temperatures between 

750 and 850 °C and for strain rates between 0.02 and 0.5 /s. The limit major strain values in 

the plane-strain state are at least 15% lower than those in the uniaxial strain state, whereas 

those in the intermediate strain state (β = ~0.45) between plane-strain and equi-biaxial are 

very close to those in plane strain. 

3) By using the modified cruciform specimen design in combination with the heating strategy 

for tests with target temperatures in the range of 750 to 925 °C, the temperature at the centre 

is highest within the gauge area and the temperature decrease from the centre of the gauge 

area to its perimeter could be kept to less than 45°C. Furthermore, and most importantly, the 

design enables the fracture to occur consistently very close to the centre of the cruciform 

specimen under the different testing conditions investigated. 

4) Using the modified biaxial test method, linear strain paths can be produced around the fracture 

initiation site in the different strain states, i.e. the intermediate strain state (β = ~0.45), plane-

strain and uniaxial, investigated in the present study. In addition, the strain paths remain linear, 

even after the formation of localised necking, up until fracture. 
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Appendix A. Simulations of temperature distribution 

Finite element (FE) simulations were performed to compute the temperature distributions in the 

specimens during typical hot-stamping thermal cycles. Results from these simulations were used to 
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modify the specimen design and to optimise the specimen dimensions so as to minimise the 

temperature variation within the gauge area; the final design and values are given in Fig. 3 and Table 

2, respectively. For this purpose, a fully coupled thermal-electrical procedure, provided in the 

ABAQUS/Standard software package (SIMULIA, USA), was used to simulate resistance heating. 

The cruciform specimens were meshed with hexahedral elements, using a finer size of 0.5 mm in the 

central region and a coarser size of 1 mm in other regions, as illustrated in Fig. A1. In the simulation, 

a surface current was applied to the grip region connected to the positive electrode, and a zero electric 

potential was applied to the grip region diametrically opposite and connected to the negative electrode 

(Fig. A1). To simulate heat transfer in the grip regions, an interaction of the surface-to-surface contact 

type was defined, in which, to give agreement with experimental conditions and results, a thermal 

conductance of 0.1 W/(m2⋅K) was found by trial and error. An initial temperature of 20 °C was applied 

to the cruciform specimens. The following physical properties of the boron steel were used for the 

simulations: density 7830 kg/m3, electrical conductivity 6.29e+06 S/m, thermal conductivity 32 

W/(m‧K), specific heat capacity 712 J/(kg‧K). In order to simulate a thermal cycle such as that in Fig. 

1 at the specimen centre, a user subroutine UAMP, which was originally developed by Kardoulaki et 

al. (2014), was used to enable feedback control of the surface current using the instantaneous 

temperature at the specimen centre. 
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Fig. A1. FE model of the modified cruciform specimen for the computation of temperature distribution heated using 

direct resistance heating. 

Fig. A2 shows the computed temperature distributions in the boron steel cruciform specimens, 

together with temperatures at the five preselected locations A-E (Fig. 3), when the temperature at the 

specimen centre follows the thermal cycle (Fig. 1) and reaches the soaking temperature of 925 °C 

(Fig. A2(a)) and the forming temperatures 𝑇F of 850 °C (Fig. A2(b)), 800 °C (Fig. A2(c)) and 750 °C 

(Fig. A2(d)). In all cases, the temperature distribution is symmetrical with respect to both the 

horizontal and the vertical arm axes. The temperature within the gauge area was highest at the 

specimen centre, and decreased gradually with increasing distance from the centre. The decrease per 

unit distance was greater in the horizontal arm direction than in the other directions such as in the 

vertical and diagonal directions. Given that the locations A, B and C are on the perimeter of the gauge 

area, the maximum decrease within the gauge area was less than 44.3 °C. Under the other three test 

conditions, as shown in Figs. A2(b), A2(c), and A2(d), similar temperature distributions were 

produced, and the maximum temperature difference within the gauge area was less than 38.0 °C, 

32.7 °C, and 28.2 °C, respectively. 
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(a) (b) 

  

(c) (d) 

Fig. A2. Temperature distribution in the modified cruciform specimen computed using FE simulations when the 

temperature value (°C) at the specimen centre reaches (a) 925.0, (b) 850.0, (c) 800.0 and (d) 750.0, together with the 

temperature values (°C) at the locations A, B, C, D and E. 

The computed temperatures at the five locations (Fig. A2) were compared with the measured values 

(Table 3) to quantify the difference between numerical and experimental results. The results are given 

in Table A1. As can be seen, there is good agreement between computation and experiment, 

especially at the locations A, B and C around the gauge area. For example, when the target 

temperature at the specimen centre is 925.0 °C, the difference between the measured and computed 

temperatures at the locations A, B and C is only 3.8 °C, 5.1 °C and 2.3 °C, respectively, while at the 

locations D and E outside the gauge area, it is 7.2 °C and 13.3 °C, respectively. It can thus be 
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considered that the FE simulations have been validated by experiment with respect to the temperature 

distributions in the specimens. 

Table A1 Comparison between measured temperatures (°C), indicated by ‘Exp.’, and computed temperatures (°C), 

indicated by ‘Comp.’, at the locations A, B, C, D and E, for different temperatures at the specimen centre. 

Specimen 

centre 

A B C D E 

Exp. Comp. Exp. Comp. Exp. Comp. Exp. Comp. Exp. Comp. 

925.0 912.9 909.1 896.6 891.5 883.0 880.7 914.9 907.7 859.1 845.8 

850.0 838.8 840.0 819.6 822.9 806.8 812.0 845.8 842.0 786.7 788.2 

800.0 790.0 792.8 770.4 777.7 758.4 767.3 801.2 798.4 741.6 747.7 

750.0 740.4 747.6 721.0 732.7 710.7 721.8 757.9 757.5 696.7 710.4 

 

In order to demonstrate the necessity for the modifications of the cruciform specimen for high-

temperature use (as detailed in Section 2.3.1), temperature distribution in the cruciform specimen 

originally developed by Zhang et al. (2021a), was also computed using the above calibrated FE 

simulations and the result is shown in Fig. A3. It can be seen that the temperature at the location M 

within the zone N between the vertical arm notches, as indicated in Fig. A3, was highest, reaching 

833.2 °C which is 33.2 °C higher than that at the specimen centre. During deformation, a combination 

of the higher temperature and the position of the vertical slits could cause premature fracture in the 

arm notches rather than in the gauge area. It is therefore necessary to make the modifications (as 

detailed in Section 2.3.1) to increase the temperature values at the specimen centre relative to those 

in the other regions, so that fracture is initiated near the specimen centre where temperature is being 

measured and controlled (as detailed in Section 3.2), and also, to reduce the nonuniformity of the 

temperature distribution within the gauge area. 
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Fig. A3. Temperature distribution in the cruciform specimen originally developed by Zhang et al. (2021a), computed 

using the above calibrated FE simulations when the temperature value at the specimen centre reaches 800 °C. The location 

M within the zone N in the vertical arm notches has the highest temperature of 833.2 °C in the specimen. 
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