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Abstract 

Forming limit diagrams (FLDs) and fracture forming limit diagrams (FFLDs) have been widely used 

to evaluate formability of sheet metals. There are many existing methods for determining localised 

necking strain and fracture strain necessary to construct these diagrams, however, none has been 

widely accepted and applied to the range of available formability testing methods, e.g. Nakajima tests 

and biaxial tensile tests. In this study, a novel spatio-temporal method is proposed and developed for 

determining the localised necking strain and the fracture strain in deformed sheet metals. In the 

method, localised necking is assumed to appear at the beginning of an increasing difference between 

average thickness strain within two rectangular zones where localised necking occurs. The effects of 

dimensions of the two zones on determined localised necking strains were investigated using uniaxial 

tensile tests for three sheet metals: AA7075, boron steel and AA6082, and the optimal dimensions 

are recommended to ensure accurate determinations. In comparison with several widely used existing 

methods, it was concluded that the novel method has greater simplicity, stability and accuracy in 

determining the localised necking strains. The method was also successfully applied to determine the 

localised necking strain and the fracture strain for AA5754 in biaxial tensile tests and it was 

demonstrated to be unaffected by noise and the Portevin–Le Châtelier (PLC) effect. 

Keywords: Localised necking; Fracture; Biaxial tensile test; Formability; Forming limit diagram 

(FLD) 

1. Introduction 

The demand for complex-shaped components formed from sheet metal has been increasing in recent 

years, largely in response to a growing need for lightweight structures. In order to optimise work-

piece utilization, development of novel forming processes employing as yet unused conditions, has 

raised the necessity for determining sheet metal characteristics and in particular formability, over a 

wide range of conditions. The forming limit diagram (FLD), which was firstly proposed by Keeler 

[1] and Goodwin [2], is the most commonly used tool to represent the formability of sheet materials. 

An FLD shows, in the space of major and minor strain, the limit strain at onset of localised necking 

(localised necking strain) [3]. It is obtained by deforming sheets in various proportional strain paths 

(e.g. uniaxial tension and equi-biaxial tension) under the plane stress condition. The fracture forming 

limit diagram (FFLD) is an alternative index of formability, obtained by extending an FLD to the 

limit strain at fracture (fracture strain). It is useful in some circumstances, e.g. in deep drawing of a 

square cup [4] or in single point incremental forming processing [5], where fracture is likely to limit 

the attainable deformation. Two major aspects exist in determining either an FLD or FFLD. One is 

deformation to fracture of work-pieces through various fixed proportional strain paths, using methods 

such as the Nakajima test [6] and the Marciniak and Kuczynski test [7]; The other is using a method 

which enables localised necking strain and/or fracture strain to be determined precisely. 
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Significant efforts have been dedicated for the development of the experimental methods to determine 

the localised necking strains and a comprehensive summary of them can be found in [8]. They can be 

classified into three main categories: (1) spatial methods, (2) temporal methods and (3) spatio-

temporal methods. 

The spatial methods consider only strain distribution after the appearance of failure. The cross-section 

(CS) method in the ISO standard 12004-2 [9, 10], which originated from [11], is the most widely 

used spatial method. In this, strain points in the necked area are removed and reconstructed by a best 

fit with an inverse parabola (𝑓(𝑥) = 1/(𝑎𝑥2 + 𝑏𝑥 + 𝑐)), to the remaining part of strain distribution 

on both sides of the neck over the defined fit windows. This method has been applied to determine 

FLDs for sheet metals, together with Nakajima tests [12, 13], for both room temperature and high 

temperature tests [14, 15]. Another spatial method using digital image correlation (DIC) technique, 

named DIC-Grid, has been proposed by Zhang et al. [16] and by calculating the deformation of an 

assumed virtual grid, applied to determining FLDs for QP980 steel [16] and Al-Mg-Si alloy [17]. 

In temporal methods (or time-dependent methods), either the first or the second time derivative of 

strains within a local area where necking is leading to fracture is analysed, based on different 

algorithms. The linear best fit (LBF), which is one of the existing temporal methods, is based on a 

technology proposed by Volk and Hora [18] and involves analysis of first derivative of thickness 

strain to identify the onset of localised necking. Huang et al. [19] developed a temporal approach by 

analysing the major strain acceleration (so named ‘second derivative approach’) within a localised 

necking zone, and adopting the abrupt change in the major strain rate, to represent strain localisation 

within the neck, which is identified by a peak in the curve of major strain acceleration versus time. 

The temporal method, correlation coefficient (CC), proposed by Merklein et al. [20] utilises the same 

concept that the major strain within a localised neck accelerates upon localised necking, and a 

correlation coefficient, which expresses the quality of a linear approximation, is adopted to identify 

the increase of the strain rate automatically. The gliding correlation coefficient (GCC) method [21] 

is an improved CC method which overcomes the mathematical instability in calculating the 

correlation coefficient by adding a linear function to the major strain acceleration. The gliding 

difference of mean to median (GDMM) method [21] utilises the difference between a gliding mean 

and a gliding median over a number of frames to identify a sharp change in thickness strain rate, 

which is assumed to be the beginning of unstable necking. 

The spatio-temporal methods are combinations of spatial methods and temporal methods, which take 

into account the time-dependent strain fields. The critical ratio (CR) method, which is based on a 

technology proposed by Marciniak and Kuczynski [7], is a typical spatio-temporal method. In this, 

localised necking is assumed to occur when thickness strain increment ratio between a local area 

located in the localised necking zone and a local area in an adjacent zone attains a critical value. This 

generally varies from 7 [22] to 10 [23] in the literature. Applications of the CR method can be found 

for determination of FLDs for alloys, aluminium alloy 5086 (AA5086) [24-26] and DP600 [27]. 

Wang et al. [17] proposed a spatio-temporal method based on the concept that localised necking 

generates non-uniform deformation through the specimen thickness [3], and the onset of localised 

necking is identified as the start of a sharp increase in surface height difference between a point in a 

localised neck and a point away from the necking area. Min et al. [8] also proposed a spatio-temporal 

method, referred to as a 2D curvature method, using which onset of localised necking can be identified 

by evaluating surface curvature, fitted from surface coordinate data extracted over a narrow surface. 

They later applied the method to test-pieces deformed in Nakajima tests [10]. Based on the physical 
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phenomenon of localised necking, that an unstable local reduction appears in the sheet thickness, 

Martínez-Donaire et al. [28] developed a novel method to identify the onset of localised necking by 

analysing the evolution of the major strain rate for a series of aligned points along a section 

perpendicular to the crack. Iquilio et al. [29] utilised the same methodology, but analysed the 

thickness strain rate under the assumption of incompressibility. 

Despite the abundance of the existing methods to determine localised necking strains, no method has 

been universally accepted so far. Comparisons of several popular existing methods with respect to 

stability and accuracy can be found in [21, 30]. Indeed, the CS method has been used for several 

decades because of validity. However, extreme conditions for curve fitting in the CS method easily 

lead to incorrect mathematical evaluations. For example, the CS method is inapplicable for some 

materials, such as high strength steels and some aluminium alloys, due to non-homogeneous 

deformation even before the occurrence of localised necking [21]. The CS method also requires that 

the width of the fit window should be at least 4 mm on each side of the crack, which makes the method 

inapplicable in biaxial tensile tests in which effective gauge region is generally smaller [26, 27]. It 

seems that time-dependent methods have a wider range of application. However, calculation of either 

first derivative or second derivative of strain may be strongly influenced by noise or other factors, 

such as the PLC effect in austenitic steel [31] and aluminium alloy AA5000 series [32, 33]. 

With respect to methods for determining fracture strains, no standard has been set and no method has 

been widely accepted. Gorji et al. [34] introduced a thinning method to measure fracture strain under 

assumption of plane strain state, which is based on the microscopic measurements of rupture regions. 

The measured fracture strain using the thinning method is higher than that using the DIC method. 

Panich et al. [35] determined the FFLD for DP980 steel sheet, using Nakajima tests, in which the 

principal strains within a localised neck at the final stage, immediately before fracture, were taken as 

the fracture strains. This method was also applied by Park et al. [36] to determine the FFLD for DP980 

steel sheet in hydraulic bulge tests. Luo et al. [37] determined fracture strains by utilising the reverse 

engineering method, which had been used by Bao and Wierzbicki [38] and Wierzbicki et al. [39] for 

the same purpose. However, determined values of fracture strain probably are influenced by the 

adopted constitutive models. Other methods can also be found, in which fracture strains were 

determined by measuring adhesive grids placed just outside the crack [40] or measuring thickness 

and width in the fracture region of deformed specimens [41, 42]. 

The aim of this study is to develop a novel reliable spatio-temporal method to determine the localised 

necking strain and the fracture strain for constructing an FLD and FFLD for sheet metals deformed 

in various formability tests, e.g. biaxial tensile tests. The validity of the spatio-temporal method was 

investigated and evaluated by determining localised necking strains in uniaxial tensile tests for three 

sheet metals: AA7075, boron steel and AA6082. Both the simplicity and the stability of the method 

were evaluated and discussed by comparing it with several widely used existing methods. The spatio-

temporal method was applied also to determine the localised necking strain and the fracture strain of 

AA5754 sheet, deformed using a biaxial tensile test. 

2. The novel spatio-temporal method 

In sheet metal forming, localised necking usually appears after onset of diffuse necking and 

terminates at fracture [43]. According to the Hill’s criterion [44], a necking band forms along the zero 

extension direction. That is, after the onset of localised necking, deformation mainly continues in 

normal direction of the necking band [45]. Based on the physical mechanism of localised necking, a 
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novel spatio-temporal method is proposed to identify the onset of localised necking and then to 

determine the localised necking strain, which is schematically illustrated in Fig. 1. Assuming that 

strain fields in a deformation have been measured using DIC technique, as shown in Fig. 1(a), two 

rectangular zones, named base zone (BZ) and reference zone (RZ), are selected on the last image 

immediately before fracture, in which a necking band appears, and are then transferred to the first 

image at the start of the deformation. Zones BZ and RZ have a same central point at which localised 

necking initiates, a same dimension 𝑊L  in the parallel direction to necking band, and different 

dimensions 𝑊BZ  and 𝑊RZ  (𝑊RZ > 𝑊BZ ) respectively, in the normal direction to necking band. 

Therefore, there must be an increasing difference between absolute values of average thickness strain 

within the two zones ( |𝜀3
BZ|  and |𝜀3

RZ| ) once necking happens. In the spatio-temporal method, 

localised necking is assumed to appear when the increasing difference starts. Fig. 1(b) presents the 

way to identify the beginning of the increasing difference in the space of |𝜀3
BZ| and |𝜀3

RZ|. Two straight 

lines are fitted: one through the points before necking appears, of which the slope k is in value of one 

because |𝜀3
BZ| and |𝜀3

RZ| are equal, and the other through the last three points immediately before 

fracture. The reason for selecting the last three points is that those points are easy to be determined 

and as shown later, most other points after the determined necking time are on the fitted line. 

Intersection of the two fitted lines is treated as the beginning of the increasing difference and as the 

onset of localised necking. This is based on the mechanism that before necking, |𝜀3
BZ| is equal to |𝜀3

RZ| 

because of uniform deformation, while the occurrence of necking results in that |𝜀3
BZ| becomes higher 

and higher than |𝜀3
RZ|. Similar approach has been used in the method of Linear Best Fit [18,21]. 

Consequently, the strains within zone BZ at the corresponding time are determined as the localised 

necking strain. In the current study, the zone RZ includes zone BZ due to more stable and reasonable 

results, as demonstrated in Appendix A1. The spatio-temporal method also enables the determination 

of the fracture strain from zone BZ at the time immediately before fracture. The method considers 

both the temporal evolution of strain, and the strain distribution perpendicular to the fracture direction. 

This differs from temporal methods which only consider the temporal evolution of strain, as 

mentioned by Min et al. [8]. Thus, the proposed method is a spatio-temporal method. 

      
Fig. 1. Schematic diagrams illustrating the novel spatio-temporal method for determination of onset of localised necking: 

(a) selection of zones BZ and RZ on deformed test pieces where a necking band appears, in which the zones BZ and RZ 

have a same dimension 𝑊L in parallel direction to necking band, and have different dimensions 𝑊BZ and 𝑊RZ (𝑊RZ >

𝑊BZ) in normal direction to necking band, and (b) determination of onset of localised necking by identifying the beginning 

of an increasing difference between absolute values of thickness strain |𝜀3
BZ| and |𝜀3

RZ| within the two zones. 
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In summary, the following procedure is performed to determine the localised necking strain and the 

fracture strain of deformed sheet metals using the novel spatio-temporal method: 

i. Measure strain fields using the DIC technique; 

ii. Select rectangular zones BZ and RZ in the last image immediately before fracture, in 

which a necking band can be observed, and then transferring them to the first image when 

the deformation starts. The two zones have a same central point where localised necking 

initiates, a same dimension 𝑊L in the parallel direction to necking band, and different 

dimensions 𝑊BZ  and 𝑊RZ  (𝑊RZ > 𝑊BZ ) in the normal direction to necking band, as 

shown in Fig. 1(a); 

iii. Determine the onset of localised necking by identifying the beginning of an increasing 

difference between |𝜀3
BZ| and |𝜀3

RZ|, as shown in Fig. 1(b); 

iv. Determine the time at the onset of localised necking and the time immediately before 

fracture; 

v. Determine the localised necking strain and the fracture strain from zone BZ at the 

corresponding times, separately. 

3. Experimental details 

3.1. Uniaxial tensile tests 

Uniaxial tensile tests were conducted for three sheet metals: 1.8 mm thick AA7075, 1.5 mm thick 

boron steel 22MnB5 and 1.5 mm thick AA6082. Dog-bone shaped specimens were cut along the 

rolling direction of the as-received sheet and were ground and polished to minimise stress 

concentration at specimen edge, so that edge cracking in gauge length can be avoided until localised 

necking occurs during testing, which has been carefully monitored for all tested samples. To check 

the independence of the application of the spatio-temporal method on specimen geometry and 

dimension, two different specimen designs were utilised. They are shown in Fig. 2(a) for AA7075 

and boron steel, and in Fig. 2(b) for AA6082. A Gleeble thermal-mechanical simulator (3800) was 

used to perform the tests at a constant speed of 15 mm/min, and the DIC technique was adopted to 

measure the strain fields in the reduced parallel section of each specimen at a constant frame rate of 

125 frames per second (fps). 

    

Fig. 2. Geometry and dimensions of dog-bone shaped specimens for (a) AA7075 and boron steel, and (b) AA6082. 

3.2. Biaxial tensile tests 

Biaxial tensile tests were carried out for 1.5 mm thick AA5754 using a novel biaxial testing system 

[46], in which a patented planar biaxial tensile rig [47], as shown in Fig. 3(a), is capable of converting 

an input uniaxial force into output biaxial forces, thereby stretching cruciform specimens. Figs. 3(b1)-

(b2) illustrate plane-strain tension and equi-biaxial tension respectively, achieved within the 

(a) (b)
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capability of the patented rig, for deformations under different strain states. Details of the mechanism 

of the patented rig are given in [46]. Fig. 3(c) shows the geometry and dimensions of the cruciform 

specimens, in which the thickness in the central region was reduced in order to concentrate 

deformation and ensure fracture occurred in the gauge region. All cruciform specimens were 

deformed by keeping the relative speed of two opposing grips constant as 15 mm/min. The DIC 

technique was used to measure the strain fields in the central region of each cruciform specimen, at a 

constant frame rate of 125 fps. 

        

 
Fig. 3. A planar biaxial tensile rig and cruciform specimen design for biaxial tensile tests: (a) front view of the patented 

planar biaxial tensile rig for cruciform specimen deformations [46, 47], (b1)-(b2) schematic illustrations of rig connector 

set-up to realise (b1) plane-strain tension and (b2) equi-biaxial tension, and (c) geometry and dimensions of a cruciform 

specimen. 

4. Determination of limit strains using the spatio-temporal method 

4.1. Effects of 𝑊𝐵𝑍 and 𝑊𝑅𝑍 on determined localised necking strains 

In order to determine the optimal dimensions 𝑊BZ and 𝑊RZ, their effects on determined localised 

necking strains were investigated by adopting various sizes of zones BZ and RZ to determine 

localised necking strains in uniaxial tensile tests for the three sheet alloys: AA7075, boron steel and 

AA6082. 
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Fig. 4. Necking development and strain evolution in uniaxial tensile test for AA7075 sheets: (a) major strain contours in 

the reduced parallel section of a dog-bone specimen at normalised times 𝑡 𝑡F⁄  of 70%, 90%, 95% and 100%, (b) measured 

engineering stress vs. time curve for AA7075, and (c) major strain distribution along a cross-section in the specimen, as 

indicated in (a), at different normalised times. 

Case A: AA7075 

Fig. 4(a) shows the major strain (engineering) contours in a dog-bone specimen of 1.8 mm thick 

AA7075, deformed during a uniaxial tensile test, in which 70%, 90%, 95% and 100% are normalised 

times 𝑡 𝑡F⁄ , where 𝑡 is current time and 𝑡F is fracture time. In the strain contour at 𝑡 𝑡F⁄  = 100%, a 

well-developed necking band, where a maximum deformation occurred, was observed in the reduced 

parallel section of the specimen. According to the flat fracture shape (90° to the tensile direction), the 

failure of the material is probably controlled by the maximum principal stress. Similar phenomenon 

has been reported previously [48]. It should be noted that the time gap between the last image right 

before fracture (𝑡 𝑡F⁄  = 100%) and the fracture image is only 8 ms in the current study, i.e., the strain 

contour at 𝑡 𝑡F⁄  = 100% is able to show what the material exhibits. The diffuse necking time (𝑡DN) 

was determined according to the Considère criterion [49] that in uniaxial loading, diffuse necking 

begins when stress reaches the ultimate tensile strength (UTS). Fig. 4(b) presents the curve of 

engineering stress versus time for AA7075 in the uniaxial tensile test, with the diffuse necking time 

𝑡DN = 28.16 s which corresponds to a normalised time of 86%. Fig. 4(c) shows the major strain 

distribution along the cross-section (as indicated in Fig. 4(a)) after the onset of diffuse necking, at 

𝑡 𝑡F⁄  = 86%, 90%, 96.5%, 98% and 100%. It can be seen that necking proceeds from being diffuse 

and gradually concentrates to a single band before fracture, and strain distribution at 𝑡 𝑡F⁄  = 100 % 

shows that the necking band is highly localised. In uniaxial tensile tests, strains are homogeneous 
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before onset of diffuse necking, so the major strain at the onset of diffuse necking (𝜀1−DN ) is 

independent of gauge length [43]. However, the major strain at fracture (𝜀1−F) is highly sensitive to 

gauge length due to heterogeneous strain distribution around the necking band at the fracture time 𝑡F. 

In this study, 𝜀1−F was calculated in a gauge length of 2 × h as a reference, where h is the thickness 

of the material. For AA7075, 𝜀1−DN and 𝜀1−F determined in such a way are 0.11 and 0.23 respectively. 

In uniaxial tensile tests for flat samples, it is well known that diffuse necking starts when the tensile 

load reaches its maximum, followed by localised necking until fracture [50]. After the onset of the 

localised necking, the deformation begins to concentrate in a narrow band of width that is often of 

the order of test-piece thickness [44, 51]. Therefore, the range of onset of localised necking must be 

higher than diffuse necking time but smaller than fracture time, and can be estimated roughly as a 

reference [45]. According to necking development mechanism and the strain distribution shown in 

Fig. 4(c), it was estimated that localised necking began at a normalised time between 90% and 96.5%. 

Therefore, the major strain at the onset of localised necking (𝜀1−LN) would be in the range of 0.12 to 

0.17, as seen in Fig. 4(c). 

Various zone BZ and RZ values were selected to evaluate the effects of their dimensions orthogonal 

to necking band on the determined localised necking strains, as presented in Table 1. To carry out 

sensitive studies and to determine necking strain close to the estimated necking strain range, values 

of 𝑊BZ were chosen as 1.5 × h, 2 × h, 2.5 × h and 3 × h, namely 2.7, 3.6, 4.5 and 5.4 mm respectively, 

and the corresponding 𝑊RZ was chosen to make the ratio 𝑅 = 𝑊RZ/𝑊BZ = 1.5, 2, 2.5 and 3. As shown 

in Appendix A2, 𝑊L values from 1.5 × h to 3 × h have little effect on the strain results. Based on the 

sensitivity studies, the same value 𝑊L = 2 × h was used for all zones BZ and RZ in this study. 

Table 1. Selected dimensions of zones BZ and RZ. 

𝑊BZ 𝑅 = 𝑊RZ/𝑊BZ 𝑊L 

1.5 × h 

1.5, 2, 2.5 and 3 2 × h 
2 × h 

2.5 × h 

3 × h 

 

Fig. 5(a) shows identification of onset of localised necking by adopting one zone BZ with 𝑊BZ = 3.6 

mm and four zones RZ with 𝑊RZ = 5.4, 7.2, 9 and 10.8 mm respectively. As expected, the absolute 

values of average thickness strain within zone BZ (|𝜀3
BZ|) and within any one of the zones RZ (|𝜀3

RZ|), 

increased at the same rate initially. After a time, however, the increasing rate of |𝜀3
BZ| gradually 

became higher than that of |𝜀3
RZ|, and thus an increasing difference between |𝜀3

BZ| and |𝜀3
RZ| arose. 

Furthermore, with increasing 𝑊RZ from 5.4 to 10.8 mm, the slope of the fitted lines denoting unstable 

deformation (the last three points immediately before fracture) decreased. This is because the 

deformation after the onset of necking is nonuniform, and a smaller |𝜀3
RZ| was measured within a 

larger RZ. Consequently, different values of |𝜀3
BZ| were identified at the start of the divergence of the 

two strains, caused by different values of zone RZ. 

Based on the identified values of |𝜀3
BZ|, the localised necking times (𝑡LN) were determined, as seen in 

Fig. 5(b). It is noteworthy that |𝜀3
BZ| increased at a much higher rate after the onset of diffuse necking. 

This indicates that the way to identify |𝜀3
BZ| and then determine 𝑡LN is beneficial to decrease the 

scatter among the determined 𝑡LN. Fig. 5(c) shows the determined localised necking times 𝑡LN. It is 
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seen that with increasing 𝑊RZ (or the ratio 𝑅), 𝑡LN decreased, while the maximum difference between 

the times is less than 2%. Based on the determined 𝑡LN, localised necking strains (𝜀2−LN, 𝜀1−LN) were 

determined by using the strains within zone BZ at the corresponding times, where 𝜀2−LN is the minor 

strain at onset of localised necking, as presented in Fig. 5(d). It is shown that both |𝜀2−LN| (𝜀2−LN < 

0) and 𝜀1−LN decreased with increasing 𝑊RZ. Specifically, a highest 𝜀1−LN of 0.162 was determined 

with 𝑊RZ = 5.4 mm, about 15% higher than a lowest 𝜀1−LN of 0.141 obtained with 𝑊RZ = 10.8 mm. 

It is worth noting that the ratio 𝜀2−LN/𝜀1−LN is about -0.32 due to the anisotropy of the material - 

AA7075, which is different from -0.5 as expected in uniaxial tensile tests. 

   

    
Fig. 5. Effect of dimension 𝑊RZ of zone RZ on determined localised necking strains of AA7075 sheets, tested in uniaxial 

tension, by using the novel spatio-temporal method with a constant 𝑊BZ = 3.6 mm and four indicated different 𝑊RZ values: 

(a) identifications of onset of localised necking, (b) identified values of |𝜀3
BZ| at the onset of localised necking, (c) 

determined localised necking times 𝑡LN and (d) determined localised necking strains (𝜀2−LN, 𝜀1−LN), corresponding to the 

different 𝑊RZ values separately. 

The other zones BZ and RZ in Table 1 were also adopted to determine, using the spatio-temporal 

method, the localised necking strain for AA7075. A comparison of the determined localised necking 

times 𝑡LN for various zone BZ and zone RZ values, is plotted in Fig. 6(a). As expected, 𝑡LN decreased 

with increasing 𝑊BZ (or ratio 𝑅), but the maximum difference among the times is less than 5%. Fig. 

6(b) shows the strain paths to fracture for different zone BZ values. Although 𝜀1−F is higher for 

smaller zone BZ value, the strain paths in different zones BZ are linear and have a same slope. This 

means that the ratio 𝜀2
BZ/𝜀1

BZ in any point on the strain paths has a same value, and thus it is reasonable 

to compare only 𝜀1−LN to quantify the difference between localised necking strains determined by 
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adopting the various zone BZ and RZ values. This is plotted in Fig. 6(c). It is shown that 𝜀1−LN 

decreased with increasing 𝑊BZ and ratio 𝑅. Specifically, 𝜀1−LN decreased from a value 0.174 with 

𝑊BZ = 2.7 mm and 𝑅 = 1.5 to a value 0.126 with 𝑊BZ = 5.4 mm and 𝑅 = 3. Moreover, 𝜀1−LN is close 

to the upper and lower bounds of the previously determined range of 0.12 to 0.17 with 𝑊BZ = 2.7 and 

5.4 mm respectively. This indicates that adopting a small 𝑊BZ or a large 𝑊BZ may overestimate or 

underestimate the localised necking strain, respectively. 

   

 

Fig. 6. Effect of dimension 𝑊BZ and ratio 𝑅 (R = 𝑊RZ/𝑊BZ) of zones BZ and RZ on determined localised necking strains 

of AA7075 sheets tested in uniaxial tension: (a) comparison of determined localised necking time 𝑡LN with indicated 

different 𝑊BZ and 𝑅 values, (b) strain paths to fracture in the zones BZ with the different 𝑊BZ values, and (c) effect of 

𝑊BZ and 𝑅 on determined major strains 𝜀1−LN at onset of localised necking. 

Case B: Boron steel 

The novel method was also used to determine the localised necking strain for 1.5 mm thick boron 

steel 22MnB5, uniaxially tensile tested. Edge cracking was not observed in the tested samples before 

the appearance of necking and fracture occurred randomly within the gauge length. Fig. 7(a) shows 

the major strain contours in the parallel portion of a dog-bone specimen at normalised times 𝑡 𝑡F⁄  = 

70%, 90%, 95% and 100%. A well-developed necking band is seen at 𝑡 𝑡F⁄  = 100% with about 45° 

to the tensile direction and the material fails due to maximum shear stress according to the inclined 

fracture shape. It has been reported that edge quality of steel specimens affects tensile properties and 

fracture patterns significantly [52]. The current specimens were carefully ground and polished so that 

the influence of possible edge cracking is minimised. The curve of engineering stress versus time is 

plotted in Fig. 7(b) and the diffuse necking time 𝑡DN = 37.28 s which corresponds to a normalised 
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time of 73.5%. Fig. 7(c) shows the major strain distribution along the cross-section (Fig. 7(a)) after 

the onset of diffuse necking at 𝑡 𝑡F⁄  = 73.5%, 89%, 95.5%, 97% and 100%. Using the same method 

described above for AA7075, 𝜀1−DN and 𝜀1−F were determined as 0.14 and 0.43, respectively. Based 

on the strain distribution shown in Fig. 7(c), it was judged that localised necking started at a 

normalised time between 89% and 95.5%. Therefore, a range of 0.20 to 0.28 was determined for 

𝜀1−LN. In determining localised necking strain using the spatio-temporal method, various zone BZ 

values with 𝑊BZ = 1.5 × h (2.25 mm), 2 × h (3 mm), 2.5 × h (3.75 mm) and 3 × h (4.5 mm) and 

various zone RZ values with 𝑅 = 1.5, 2, 2.5 and 3 were adopted. All zones BZ and RZ have the same 

dimension 𝑊L = 2 × h (3 mm). Considering the same ratio 𝜀2−LN/𝜀1−LN, the difference between 

determined localised necking strains was quantified by comparing only 𝜀1−LN, as seen in Fig. 7(d). 

Consistent with the observations in AA7075, 𝜀1−LN was decreased by increasing either the dimension 

𝑊BZ, or ratio 𝑅. Specifically, 𝜀1−LN was decreased from a value of 0.302 with 𝑊BZ = 2.25 mm and 𝑅 

= 1.5 to a value of 0.230 by increasing 𝑊BZ and 𝑅 to 4.5 mm and 3 respectively. Moreover, 𝜀1−LN is 

close to the upper and lower bounds of the range of 0.20 to 0.28 when the dimension 𝑊BZ is 2.25 and 

4.5 mm respectively. 

    

    
Fig. 7. Effect of dimension 𝑊BZ and ratio 𝑅 (R = 𝑊RZ/𝑊BZ) of zones BZ and RZ on determined localised necking strains 

of boron steel 22MnB5 sheets tested in uniaxial tension: (a) major strain contours in the reduced parallel section of a dog-

bone specimen at different normalised times, (b) measured engineering stress vs. time curve for boron steel, (c) major 

strain distribution along a cross-section in the specimen, as indicated in (a), at different normalised times, and (d) effect 

of 𝑊BZ and 𝑅 on determined major strains 𝜀1−LN at onset of localised necking. 

(a)

0 10 20 30 40 50
0

200

400

600

tDN=37.28

E
n

g
in

ee
ri

n
g

 s
tr

es
s 

(M
P

a
)

Time t (s)

tF=50.72

UTS

(b)

(c)

-30 -20 -10 0 10 20 30

0.1

0.2

0.3

0.4

0.5

e1-LN

e1-F=0.43

e1-DN=0.14

 100%

 97%

 95.5%

 89%

 73.5%

M
a

jo
r 

st
ra

in
 e

1

Distance from necking center (mm)

0.20~0.28

(d)

0.0

0.1

0.2

0.3

M
a

jo
r 

st
ra

in
 e

1
-L

N

Dimension WBZ (mm)

 R=1.5  R=2

 R=2.5  R=3

1.5 ´ h 2 ´ h 2.5 ´ h 3 ´ h



12 

 

Case C: AA6082 

The spatio-temporal method was also used to determine localised necking strain for 1.5 mm thick 

AA6082 deformed in a uniaxial tensile test. A well-developed necking band was found in the major 

strain contour (Fig. 8(a)) at 𝑡 𝑡F⁄  = 100%, and 𝑡DN was determined as 14 s which corresponds to a 

normalised time of 78% (Fig. 8(b)). Similar to AA7075, the fracture shape is normal to the tensile 

direction. The major strain distribution along the cross-section (Fig. 8(a)) at 𝑡 𝑡F⁄  = 78%, 85%, 92.5%, 

95% and 100% is presented in Fig. 8(c), with 𝜀1−DN = 0.12 and 𝜀1−F = 0.29. Based on the strain 

distribution, it was judged that localised deformation started at a normalised time between 85% and 

92.5%. Therefore, a range of 0.14 to 0.20 was determined for 𝜀1−LN. In determining the localised 

necking strain by using the spatio-temporal method, various zone BZ and RZ values with the same 

dimensions used for boron steel, were adopted, as test-piece thickness was the same for the two alloys. 

The difference between determined localised necking strains was quantified by comparing only 𝜀1−LN, 

as seen in Fig. 8(d). Consistent with the observations for AA7075 and boron steel, a tendency for 

𝜀1−LN to decrease with increasing dimension 𝑊BZ and the ratio 𝑅, is seen. Also, when 𝑊BZ = 2.25 

and 4.5 mm, 𝜀1−LN is close to the upper and lower bounds of the range of 0.14 to 0.20, respectively. 

It should be noted that 𝜀1−LN corresponding to 𝑊BZ = 2.25 mm and 𝑅 = 1.5 is at least 25% higher 

than that for the same 𝑊BZ and the other higher R values. This is due to the influence of the noise 

originated from the DIC measurement on 𝜀3
BZ and 𝜀3

RZ when the dimensions of BZ and RZ zones are 

too small, as illustrated in Fig. 8(c). 

   

    
Fig. 8. Effect of dimension 𝑊BZ and ratio 𝑅 (R = 𝑊RZ/𝑊BZ) of zones BZ and RZ on determined localised necking strains 

of AA6082 sheets tested in uniaxial tension: (a) major strain contours in the reduced parallel section of a dog-bone 

(a) (b)

0 5 10 15 20
0

100

200

300

tF=17.92

E
n

g
in

ee
ri

n
g

 s
tr

es
s 

(M
P

a
)

Time t (s)

tDN=14.00

UTS

(c)

-15 -10 -5 0 5 10 15

0.1

0.2

0.3

0.4

e1-LN

e1-F=0.29

e1-DN=0.12

 100%

 95% 

 92.5%

 85%

 78%

M
a

jo
r 

st
ra

in
 e

1

Distance from necking center (mm)

0.14~0.20

(d)

0.00

0.05

0.10

0.15

0.20

0.25

M
a

jo
r 

st
ra

in
 e

1
-L

N

Dimension WBZ (mm)

 R=1.5  R=2

 R=2.5  R=3

1.5 ´ h 3 ´ h2.5 ´ h2 ´ h



13 

 

specimen at different normalised times, (b) measured engineering stress vs. time curve for AA6082, (c) major strain 

distribution along a cross-section in the specimen, as indicated in (a), at different normalised times, and (d) effect of 𝑊BZ 

and 𝑅 on determined major strains 𝜀1−LN at onset of localised necking. 

In summary, based on the above investigation of the effects of the dimensions 𝑊BZ and 𝑊RZ on the 

determined localised necking strain in the uniaxial tensile tests for the three sheet metals: AA7075, 

boron steel and AA6082, the optimal dimensions of zones BZ and RZ are recommended, as shown 

in Table 2. The dimension 𝑊L in the recommended range has little effect on the thickness strain 

within zones BZ and RZ, as shown in Appendix A2. It should be noted that there may be reasonable 

critical values related to the thickness and plasticity of materials deforming at different conditions, 

which could be considered in the future recommended standard. 

Table 2. Recommended values for the dimensions of zones BZ and RZ. 

Dimension Recommended value 

𝑊BZ 𝑎 ∙ ℎ, 𝑎 = 2~2.5 

𝑊RZ 𝑏 ∙ 𝑊BZ, 𝑏 = 2~2.5 

𝑊L 𝑐 ∙ ℎ, 𝑐 = 1.5~3 

 

4.2. Comparison with existing methods in determining localised necking strains 

In this subsection, the novel spatio-temporal method is evaluated against several widely used existing 

methods by determining localised necking strains in uniaxial tensile tests for the three materials: 

AA7075, boron steel and AA6082. The existing methods include CS method [9], CR method [7], 

LBF method [18], CC method [20], GCC method [21], and GDMM method [21]. 

Fig. 9 presents the applications of the existing methods to the determination of the localised necking 

strain for AA7075 in uniaxial tensile test, using a script implemented in the commercial software 

ARAMIS (Company GOM, Germany). As shown in Fig. 9(a), using the CS method, the strain points 

within the necked area along a predefined cross section were removed and reconstructed by a best fit 

with an inverse parabola, and then the localised necking strain was determined by the values of the 

parabola in the crack position. In the application of the CR method, as shown in Fig. 9(b), two zones 

with dimensions, 3.6 × 3.6 mm were selected on the specimen surface before deformation. One is 

named inside zone (IZ) where localised necking occurs, and another is named outside zone (OZ) 

which is 10 mm away from the IZ along the length direction of the specimen. A time interval of 2 s 

was chosen to calculate the ratio of the thickness strain increment (𝑟 = d|𝜀3
IZ| d|𝜀3

OZ|⁄ ) in order to 

reduce the influence of noise, and a critical ratio value of 7, which has been widely used in the 

literature, was adopted to identify the onset of localised necking. It should be noted that the influence 

of noise on the calculation of the ratio cannot be eliminated, as seen in Fig. 9(b). 

When using the LBF method, as shown in Fig. 9(c), a local area (red) where the thickness strains 

increased sharply in respect of the surrounding area, was selected. In order to reduce the influence of 

noise, a fitting window of 7 points in time was chosen to calculate the thickness strain rate (d|𝜀3| d𝑡⁄ ). 

Based on the localised necking time, the localised necking strain was determined using the strains 

within the local area at the corresponding time. The CC method was applied by analysing the strains 

within the same local area, as shown in Fig. 9(d). The strain accelerations (d2|𝜀3| d𝑡2⁄ ) were 

calculated by parabolic fit in a fitting window of 7 points in time. Then a correlation coefficient (𝑟1) 
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was calculated and the limit strains were determined when 𝑟1 reached the peak of the curve. When 

using the GCC method, a linear function with slope of 0.05 was added in the strain acceleration, as 

shown in Fig. 9(e). A gliding correlation coefficient (𝑟2) was calculated in a window width of 9 points, 

and the localised necking was determined at the time when 𝑟2 reaches the valley of the curve. Fig. 

9(f) shows the application of the GDMM method, in which both the gliding mean (𝑥̅) and the gliding 

median (𝑥̃) of d|𝜀3| d𝑡⁄  were calculated in a window width of 7 points. The localised necking strain 

was determined at the time when 𝑥̅ − 𝑥̃ reaches the peak of the curve. 

   

   

    

Fig. 9. Determination of localised necking strain for AA7075 sheets, tested in uniaxial tension, using widely employed 

existing methods: (a) CS method, (b) CR method, (c) LBF method, (d) CC method, (e) GCC method, and (f) GDMM 

method. 
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A comparison of localised necking strains for AA7075, determined by the existing methods and the 

spatio-temporal method, is presented in Fig. 10, using the solid symbols and hollow symbols, 

respectively. The data corresponding to the CS method were obtained from five predefined cross 

sections equally spaced in the width direction of the specimen. The data corresponding to the spatio-

temporal method were determined by adopting two zone BZ values with 𝑊BZ = 2 × h (3.6 mm) and 

2.5 × h (4.5 mm) respectively, and with 𝑊L = 3.6 mm and 𝑅 = 2. The dashed black line is the strain 

path in the zone BZ with 𝑊BZ = 𝑊L = 3.6 mm. It was observed that different localised necking strains 

were determined by the different methods, and only the major strains 𝜀1−LN determined by the CS 

method and the spatio-temporal method are in the previously determined range of 0.12 to 0.17. Except 

for the localised necking strains determined by the CS method where a scatter was observed, values 

obtained using other methods are on the same strain path and thus the difference between determined 

localised necking strains can be quantified by comparing 𝜀1−LN  only. The GDMM method 

determined the highest 𝜀1−LN of 0.204 which is 20% higher than the upper bound of 0.17, while the 

CC method determined a smaller 𝜀1−LN of 0.191, but this is still 12.4% higher than the upper bound. 

The CR method, the LBF method and the GCC method determined approximatively the same 𝜀1−LN 

which is 6.5% higher than the upper bound. 

 

Fig. 10. Comparison of determined localised necking strains of AA7075 sheets, tested in uniaxial tension, using widely 

employed existing methods and the novel spatio-temporal method with dimensions of zones BZ and RZ as: 𝑊L = 3 mm, 

𝑅 = 2, and 𝑊BZ = 2 × h (3.6 mm) and 2.5 × h (4.5 mm) respectively. 

The existing methods were also employed to determine localised necking strains for boron steel and 

AA6082, tested in uniaxial tension and the determined limit strains were compared with that 

determined using the spatio-temporal method, as shown in Figs. 11(a) and (b) respectively. The data 

corresponding to the CS method were obtained from five cross sections equally spaced in the width 

direction of the specimen, and the data corresponding to the spatio-temporal method were determined 

by adopting two different zone BZ values with 𝑊BZ  = 2 × h (3 mm) and 2.5 × h (3.75 mm) 

respectively, and with 𝑊L = 3 mm and 𝑅 = 2. The dashed black lines represent the strain path in zone 

BZ with 𝑊BZ = 𝑊L = 3 mm. Similar to the observations in the case of AA7075, different localised 

necking strains were determined by the different methods for both boron steel and AA6082. The 

major strains 𝜀1−LN determined by the CS method are close to that by the spatio-temporal method. 

Moreover, the highest 𝜀1−LN was determined by the GDMM method, which is close to or even higher 

than the 𝜀1−F, as seen in Fig. 11(a) and Fig. 11(b) respectively. The 𝜀1−LN determined by the CC 

method for boron steel is also close to the 𝜀1−F, while the method was inapplicable to AA6082 due 

to the scatter of the calculated strain accelerations. In addition, both the LBF method and the GCC 

method determined major strains 𝜀1−LN which are higher than the upper bound of the previously 
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determined range. The 𝜀1−LN determined by the CR method for boron steel is close to that by the 

spatio-temporal method, while for AA6082, it is much higher than the latter. 

    

Fig. 11. Comparison of determined localised necking strains of (a) boron steel sheets and (b) AA6082 sheets, tested in 

uniaxial tension, using widely employed existing methods and the novel spatio-temporal method with dimensions of 

zones BZ and RZ as: 𝑊L = 3 mm, 𝑅 = 2, and 𝑊BZ = 2 × h (3 mm) and 2.5 × h (3.75 mm) respectively. 

4.3. Determination of limit strains for AA5754 in biaxial tensile tests 

    

Fig. 12. Application of the novel spatio-temporal method to determine localised necking and fracture strains of AA5754 

sheets, subjected to equi-biaxial tension in biaxial tensile tests: (a1)-(a4) major strain contours in the central region of a 

cruciform specimen at different normalised times (a1) 70%, (a2) 80%, (a3) 90% and (a4) 100%, (b) identification of onset 

of localised necking with selected zones BZ and RZ, as illustrated in (a1)-(a4), with recommended dimensions 𝑊BZ = 𝑊L 

= 1 mm and 𝑅 = 2, and (c) determination of localised necking and fracture strains. 

The novel spatio-temporal method was applied to specimens deformed in the biaxial tensile tests, to 
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strain (engineering) contours, at normalised times 𝑡/𝑡F = 70%, 80%, 90% and 100%, in the central 

region of a cruciform specimen. A well-developed necking band was observed at 𝑡/𝑡F = 100%, and 

thus zones BZ and RZ with 𝑊BZ = 𝑊L = 1 mm and 𝑅 = 2 were selected on this image and were 

transferred on the first image. Fig. 12(b) shows the determination of the onset of localised necking in 

the space of |𝜀3
BZ| versus |𝜀3

RZ|. As expected, |𝜀3
BZ| and |𝜀3

RZ| had same values initially, while with 

increasing the deformation, an increasing difference between the strains appeared. Consequently, 

both 𝑡LN  and 𝑡F  were determined using the spatio-temporal method and corresponding localised 

necking strain and fracture strain were determined within the zone BZ, as shown in Fig. 12(c). 

For comparison with the proposed method, both the CR method and the LBF method were used to 

determine the localised necking strain. The dimensions of zones IZ and OZ adopted in the CR method 

are 1 × 1 mm. Considering the nonuniform strain field outside the necking band, two different zones, 

OZ-I and OZ-II, were selected for a comparison. The absolute values of average thickness strain 

within zones IZ (|𝜀3
IZ|) and OZ (|𝜀3

OZ|) were plotted in Fig. 13(a), in which serrated plastic flow was 

observed due to the presence of the PLC effect. In order to reduce the influence of noise, a time 

interval of 0.8 s was chosen for calculating thickness strain increments. Further, ratios of the 

increments of strain within zone IZ to that within zones OZ, were calculated, namely d|𝜀3
IZ| d|𝜀3

OZ−I|⁄  

and d|𝜀3
IZ| d|𝜀3

OZ−II|⁄ , as shown in Fig. 13(a). It is shown that the ratios related to either the OZ-I or 

the OZ-II strongly fluctuated around a value of one during the whole deformation. This leads to an 

invalid mathematical evaluation when applying the CR method, due to the PLC effect. Also an 

attempt was made to use the LBF method to determine localised necking strain. For convenience, 

|𝜀3
IZ| was analysed and a time interval of 0.8 s was chosen for the calculating thickness strain rate 

(d|𝜀3
IZ|/d𝑡), in order to reduce the influence of noise, as shown in Fig. 13(b). Strong fluctuation was 

observed in the curve of the thickness strain rate, thereby leading to the failure of the LBF method to 

determine localised necking strain. This is due to the PLC effect exhibited in AA5754 sheets, which 

results in serrated strain vs. time curves [33], as shown in Fig. 12(b). Different from the influence of 

noise from the DIC measurement, fluctuation in calculated strain rate of serrated strain-time data 

cannot be eliminated by using the smoothing method as suggested in [18]. Given that either strain 

rate or strain acceleration rate has to be calculated, the other time-dependent methods, such as, CC, 

GCC, and GDMM, also cannot be used in this case. 

    

Fig. 13. Challenges when applying the widely used existing methods to determine localised necking strain of AA5754 

sheets in biaxial tensile test: (a) incremental ratios of average thickness strain within zone IZ to that within zones OZ-I 

(d|𝜀3
IZ| d|𝜀3

OZ−I|⁄ ) and OZ-II (d|𝜀3
IZ| d|𝜀3

OZ−II|⁄ ), which are necessary for the CR method application, and (b) average 
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thickness strain rate (d|𝜀3
IZ|/d𝑡) in the zone IZ, which is necessary for the LBF method application. Both show the 

fluctuating nature which cannot be used for determination of the localised necking strain. 

Localised necking strain for AA5754 subjected to the plane-strain tension in the biaxial tensile test 

was also determined using the spatio-temporal method. Figs. 14(a1)-(a4) show the major strain 

contours, at normalised times 𝑡/𝑡F = 70%, 80%, 90% and 100%, in the central region of a cruciform 

specimen. A well-developed necking band was observed in the strain contour at 𝑡/𝑡F = 100%, and 

then zones BZ and RZ with 𝑊BZ  = 𝑊L  = 1 mm and 𝑅  = 2 were selected. Fig. 14(b) shows 

identification of the onset of localised necking in the space of |𝜀3
BZ| versus |𝜀3

RZ|. Similar to the equi-

biaxial tension, |𝜀3
BZ| and |𝜀3

RZ| had same values initially, and with increasing of deformation, |𝜀3
BZ| 

became higher than |𝜀3
RZ| gradually. It is noteworthy that although one straight line was fitted through 

the last three points immediately before fracture, most points after the appearance of the increasing 

difference between |𝜀3
BZ| and |𝜀3

RZ| are on the line. Based on the determined 𝑡LN and 𝑡F, both the 

localised necking strain and the fracture strain were determined, as shown in Fig. 14(c). 

 

    

Fig. 14. Application of the novel spatio-temporal method to determine localised necking and fracture strains of AA5754 

sheets, subjected to plane-strain tension in biaxial tensile tests: (a1)-(a4) major strain contours in the central region of a 

cruciform specimen at different normalised times (a1) 70%, (a2) 80%, (a3) 90% and (a4) 100%, (b) identification of onset 

of localised necking with selected zones BZ and RZ, as illustrated in (a1)-(a4), with the recommended dimensions 𝑊BZ 

= 𝑊L = 1 mm and 𝑅 = 2, and (c) determination of localised necking and fracture strains. 

5. Discussion 

Using the recommended dimensions given in Table 2, the novel spatio-temporal method can be used 

to ensure accurate determination of localised necking strain. As seen in Fig. 6(c), Fig. 7(d) and Fig. 

8, the localised necking strains, determined using this method, are slightly dependent on the 

dimensions of zones BZ and RZ, particularly on the dimension orthogonal to the necking band. This 

is due to inevitable heterogeneous deformation after the onset of necking. By adopting the 
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recommended dimensions which are related to the thickness of a test-piece, the determined major 

strains at onset of localised necking were well situated in the reasonable ranges obtained according 

to the strain distribution around the necking band, as presented in Fig. 4(c), Fig. 7(c) and Fig. 8(c). 

Compared with the existing methods, the spatio-temporal method is more simple and stable in 

determining localised necking strains. It should be noted that the major strains within the two zones 

can be adopted for identifying onset of localised necking because of the similar distribution and 

evolution to those of the thickness strains. In the CS method, complicated procedures are usually 

performed to best fit an inverse parabola in order to determine the localised necking strains [9], which 

limits its application range. Furthermore, limit strains determined using the CS method are scattered 

when different cross sections are adopted, as illustrated in Fig. 10 and Fig. 11. Although the CR 

method is easy to use to determine localised necking strains, noise is a big influence on calculation 

of strain increment ratios and as a result, the method sometimes becomes inapplicable for the 

determination, as seen in Fig. 9(b). Other available methods, including, LBF, CC, GCC and GDMM, 

are based on either strain rate or strain acceleration to identify the onset of localised necking. However, 

calculations of strain rate and strain acceleration are strongly influenced by noise also. 

In addition, the spatio-temporal method is more accurate compared with other existing methods. As 

seen in Fig. 10 and Fig. 11, localised necking strains determined using the spatio-temporal method 

are close to that resulting from using the CS method. The determined major strains at onset of 

localised necking by the CC method and the GDMM method are close to the major strains at fracture, 

which indicates that the two methods may provide overestimated values. This is consistent with the 

conclusion in [21]. Although the major strains at onset of localised necking determined by the LBF 

method and the GCC method are much smaller than the major strains at fracture, they are still higher 

than the upper bound of the reasonable range. Therefore, the LBF method and the GCC method may 

also overestimate the localised necking strains. Corresponding to the CR method, the determined 

major strain at onset of localised is either higher than the upper bound of the range (Fig. 10) or in the 

middle of the range (Fig. 11(a)), which reveals instability of the CR method in determining the 

localised necking strains. 

One of the great advantages of the spatio-temporal method is the capability of determining the 

localised necking strain for AA5754 in biaxial tensile tests, which involves noise and the PLC effect. 

The CS method becomes inapplicable for such tests due to the failure of parabolic fitting [9], in which 

the fitting width on each side of the crack should be at least 4 mm. The CR method had been used in 

[24-26] to determine the localised necking strain for AA5086 in a biaxial tensile test. However, 

different values of 8 [24, 25] and 7 [26] were employed. In addition, as illustrated in Fig. 13(a), 

calculated strain increment ratios are strongly fluctuated due to influence of the PLC effect, thereby 

resulting in failure of the method. For the same reason, the time-dependent methods, LBF, CC, GCC 

and GDMM, also are inapplicable in such tests, as demonstrated in Fig. 13(b). 

It is important to note that the spatio-temporal method has the potential to be applied in other 

formability tests, such as Nakajima tests and Marciniak tests. According to the experimental results 

presented in [45, 53], strain distributions ranging from uniform deformation to localised necking in 

specimens deformed in Nakajima tests are similar to that in uniaxial tensile tests. Considering that 

the onset of localised necking is identified by the beginning of an increasing difference between the 

thickness strains within two zones, as depicted in Fig. 1, the spatio-temporal method could also be 

applied in Nakajima tests for limit strain determinations. 
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6. Conclusions 

A novel spatio-temporal method has been proposed to determine localised necking and fracture 

strains of deformed sheet metals. This could enable us to construct FLDs and FFLDs for sheet metals 

through various tests, such as biaxial tensile tests. In this method, the onset of localised necking is 

determined by identifying the beginning of an increasing difference between the thickness strains (or 

major strains) within two rectangular zones BZ and RZ, with a same central point where localised 

necking initiates, followed by appearance of a necking band. 

Based on the investigations, it is recommended that the dimensions of the two zones BZ and RZ can 

be chosen according to the following suggestions: (i) in direction parallel to the necking band, the 

two zones have a same dimension which is in the range of 1.5 to 3 times the sheet thickness; (ii) in 

orthogonal direction, the dimension of zone BZ is in the range of 2 to 2.5 times the sheet thickness, 

and the ratio of zone RZ dimension to zone BZ is in the range 2 to 2.5. By adopting the recommended 

dimensions for the two zones, accurate determinations of limit strains can be realised. 

Compared with the other existing methods, the spatio-temporal method is more simple, more stable 

and enables results with greater accuracy to be produced. Localised necking strains determined by 

the spatio-temporal method are close in value to those resulting from use of the CS method. However, 

the localised necking strains determined by the CS method are scattered when different cross sections 

are used. Time-dependent methods like, LBF, CC, GCC and GDMM, tend to overestimate localised 

necking strains, and due to difficulties in accurate calculation of either strain rate or strain acceleration, 

noise or the PLC effect can lead to failure in production of a sound result. Results using the CR 

method are also greatly influenced by noise or the PLC effect due to problems with calculating strain 

increment ratio. In contrast, the proposed spatio-temporal method can easily determine the limit 

strains even under the influences of noise and the PLC effect. Having the advantages described above, 

the method described in this research has a high potential to become a standard method for the 

determination of the limit strains for different kinds of sheet metals. 
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Appendix A1 

In the proposed method, the zone RZ is defined to include the zone BZ, as shown in Fig. 1(a). For 

comparison, zone RZ excluding zone BZ was also selected and investigated for all the cases studied 

in the research. Fig. A1 shows an example of the necking strain determination for AA6082 in the 

tensile test by selecting a same zone BZ and four different zones RZ, with zones RZ including zone 

BZ in Fig. A1(a) and zones RZ excluding zone BZ in Fig. A1(b). It can be seen that including the 

zone BZ into the zone RZ makes the straight line fitting (i.e. determination of onset of necking) more 

stable and reasonable, while the zone RZ excluding the zone BZ provides unstable results. This might 

be due to the error from the DIC measurement and the nature of the deformation of materials. Based 

on the sensitivity studies, it is recommended that the zone BZ is included in the zone RZ. 
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Fig. A1. Necking strain determination in a tensile test for AA6082 by selecting a same zone BZ (𝑊BZ = 𝑊L = 3 mm) and 

four different zones RZ, (a) zone RZ includes zone BZ, and, (b) zone RZ excludes zone BZ. 

Appendix A2 

The effect of the dimension 𝑊L  on the determined necking strain was investigated by plotting 

thickness strain within the zones BZ and RZ with different 𝑊L values in the range of 1.5 × h ≤ 𝑊L ≤ 

3 × h, as shown in Fig. A2. It can be seen that in both AA7075 (Fig. A2(a)) and AA6082 (Fig. A2(b)) 

cases, thickness strain changes little with different 𝑊L  values investigated and thus, 𝑊L  in the 

recommended range has little effect on the determined necking strain. 

    

Fig. A2. Absolute values of thickness strain within zones BZ (𝑊BZ = 2 × h) and RZ (𝑊RZ = 2 × 𝑊BZ) with different 𝑊L 

values (1.5 × h, 2 × h and 3 × h) in the uniaxial tensile tests for (a) AA7075 (h = 1.8 mm) and (b) AA6082 (h = 1.5 mm). 

Both show that 𝑊L has little effect on thickness strain within zones BZ and RZ. 
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