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Abstract 

The forming limit diagram plays an important role in predicting the forming limit of sheet metals. Previous stud-
ies have shown that, the method to construct the forming limit diagram based on instability theory of the original 
shear failure criterion is effective and simple. The original shear instability criterion can accurately predict the left area 
of the forming limit diagram but not the right area. In this study, in order to improve the accuracy of the original shear 
failure criterion, a modified shear failure criterion was proposed based on in-depth analysis of the original shear failure 
criterion. The detailed improvement strategies of the shear failure criterion and the complete calculation process are 
given. Based on the modified shear failure criterion and different constitutive equations, the theoretical forming limit 
of TRIP780 steel and 5754O aluminum alloy sheet metals are calculated. By comparing the theoretical and experimen-
tal results, it is shown that proposed modified shear failure criterion can predict the right area of forming limit more 
reasonably than the original shear failure criterion. The effect of the pre-strain and constitutive equation on the form-
ing limits are also analyzed in depth. The modified shear failure criterion proposed in this study provides an alternative 
and reliable method to predict forming limit of sheet metals.
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1  Introduction
Forming limit is the maximum deformation that sheet 
metals can reach under tensile deformation process. 
Forming limit diagram (FLD) is an important method to 
predict the maximum deformation and failure moments 
in sheet metals deformation processes. It is the most vis-
ual, effective, and widely used evaluation method in the 
study of sheet metals formability [1].

With the development of the computer technology and 
the finite element method, the sheet metal forming limit 
research has made some achievements in the theoretical 
and experimental aspects. But the FLD established with 

critical strain is not convenient in the actual engineer-
ing applications due to the influences of the material 
parameters and experiment condition. There isn’t a per-
fect experiment method to get the exact FLD of materi-
als. Meanwhile, the experimental method to obtain the 
FLD is difficult and time consuming. The FLD defined 
by standard experiments is usually obtained under linear 
or approximate linear strain paths [2]. But in the actual 
manufacture processes, the strain paths often devi-
ate from the linear path and the FLD established under 
simple strain path cannot accurately predict the failure 
occurrence. Therefore, it is necessary to adopt an appro-
priate sheet metal forming failure criterion to construct 
the FLD, which is established under complicated strain 
paths that are generally in accordance with the actual 
forming processes. The researches on the influences of 
the FLD under complicated strain paths are the main 
research content of the sheet metal forming field so far.
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The theoretical basis of the FLD prediction is the tensile 
instability theory and there are many methods to predict 
FLD. The earliest theories still used are the Hill central-
ized instability theory [3] and Swift scattered instabil-
ity theory [4]. The most widely used instability theory is 
M-K groove theory [5], which is a famous non-uniform 
assumption theory. S-R theory is lack of the experimental 
evidence of the existence of the sharp point on the yield 
surface, so it is not widely accepted. The C-H instability 
model proposed by Chen et al. [6] is a plane strain insta-
bility shifting model.

These instability theories above have some problems 
more or less. In Hill centralized instability theory, there 
isn’t a zero-strain line under biaxial tensile condition. 
Therefore, the centralized instability will confine the 
deformation amount. In Swift scattered instability theory, 
the simple loading condition is required but it is only 
applicable in equal biaxial tensile condition, which lim-
its its application. In M-K groove theory, a non-uniform 
degree of initial thickness needs to be given. S-R theory 
is lack of the experimental evidence of the existence of 
the sharp point on the yield surface, so it is not widely 
accepted.

Since 2011, Huang and Chen [2] analyzed the pro-
gresses on fracture criterion of sheet metal forming. 
Regarding that the shear failure of AHSS before neck-
ing, the failure mechanism was still immature and 
needed to be further elucidated to improve the forming 
quality of AHSS. In 2013, Bjorklund et al. [7] explored 
the failure of the high strength steel Docol 600DP 
and the ultra-high strength steel Docol 1200M, which 
used plastic anisotropy and mixed isotropic kinematic 
hardening. However, the shear fracture was not pre-
dicted with a satisfying result by the Bressan-Williams 
model, and further studies were needed to improve 
these predictions. In 2014, A macroscopic ductile frac-
ture criterion was proposed by Lou et al. [8] based on 
micro-mechanism analysis of nucleation, growth and 
shear coalescence of voids from experimental obser-
vation of fracture surfaces to construct fracture loci of 
AA2024-T351 and got a satisfactory prediction com-
pared with experimental results. In 2017, Park et  al. 
[9] was concerned with modeling of fracture-based 
forming limit criteria for anisotropic materials in sheet 
metal forming to predict the sudden fracture in compli-
cated forming processes. Three different kinds of frac-
ture-based forming limit criteria were suggested and 
investigated with an assumption that the stress state 
was under the plane stress condition with proportional 
loading. In 2017, Rajdeep and Park [10] presented a 
numerical model to predict flow-induced shear failure 
along pre-existing fractures. In 2018, Li et al. [11] pro-
posed a general instability criterion, which considered 

the effects of rate sensitivity, strain hardening and heat 
softening on the instability behavior of the material and 
showed the effects of stress loading, strain rate sensitiv-
ity and heat conduction on heat softening. In addition, 
this criterion was illustrated by the instability phase 
diagram. The analysis results revealed the pressure-sen-
sitive property of shear zone instability.

In 2019, Lou et al. [12] developed an anisotropic ductile 
fracture criterion by introducing anisotropic parameters 
into the weight function of an uncoupled shear ductile 
fracture criterion. The proposed anisotropic ductile frac-
ture was applied to describe the anisotropic characteris-
tics in the ductile fracture of AA6082-T6. In 2020, Lou 
et al. [13] proposed a yield function to model sheet metal 
strength between shear and plane strain tension, which 
was expressed as an equation of the three stress invari-
ants to take into account the pressure sensitivity, the 
Lode dependence and the strength-differential effect on 
material strength. Then experiments were conducted 
with designed specimens to characterize the mechanical 
behavior of AA7075 and QP980 sheet between shear and 
plane strain tension. In 2021, Lou et al. [14] introduced a 
user-friendly approach to model loading direction effect 
on fracture limits of sheet metals. The approach was 
combined with a newly developed fracture criterion to 
illustrate anisotropic fracture in shear, uniaxial tension 
and plane strain tension as well as fracture under bal-
anced biaxial tension.

In 2011, Lin et al. [15] proposed the original shear fail-
ure criterion, an easily used criterion. The trend of right 
part of the FLC was rising constantly under this criterion. 
However, according to the right part of experimental 
FLD, the trends of FLC should rise firstly then decrease. 
Hence the original shear failure criterion will not be 
appropriate for the latter kinds of materials. In order to 
improve the accuracy and enlarge application scope of 
the original shear failure criterion, a new method called 
modified shear failure criterion to predict the right part 
of the FLD is proposed in this study, which is verified by 
comparing with the experimental data.

The analysis of the maximum shear stress will be dis-
cussed in this study, and the study is organized as follows. 
In Section  2, a new method for calculating maximum 
shear stress was proposed, which can be used to calculate 
both right and left parts of FLD and has been named as 
‘modified shear failure criterion’. In order to validate the 
modified shear failure criterion, Hill48 yield function and 
several constitutive equations were adopted which are 
presented in Section 3 and Section 4. In addition, a gen-
eral flow diagram about calculating FLD was arranged 
in Section  4; Trip780 steel and 5754O aluminum alloy 
sheets were adopted to validate the failure model. Finally, 
the FLD calculated with the modified shear failure 
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criterion is discussed in comparison with the experimen-
tal results.

2 � Theoretical Basis
2.1 � Original Shear Failure Criterion
In the original shear failure criterion, a maximum shear 
stress is assumed to exist in the sheet metal tensile pro-
cess [15]. If the shear stress is larger than the critical 
value τcr , namely,

The material will fail and the maximum shear stress 
equation is:

The constitutive equation and yield criterion equation 
have been selected. σ1, σ2 are the major principal stress 
and the minor principal stress respectively. This theory 
is also called “The maximum shear stress theory” or 
“The third strength theory”. However, Eq. (2) has some 
complicated factors, such as the sequence of principal 
stresses which will change accidently with the loading 
conditions. Due to the existence of anisotropic and strain 
ratio of the sheet metal, the angle between the direction 
of the maximum shear stress plane and the direction of 
the maximum principal strain is not always 30◦ , so the 
shear failure will happen on a special shear face. With the 
direction cosine n1, n2, n3 of the plane, the normal stress 
σn , Eq. (3) and the shear stress τ , Eq. (4) of this plane can 
be obtained:

The critical shear stress of the forming process depends 
on the plastic strain increment. The material will fail 
when τ ≥ τcr , so it is important to determine the direc-
tional cosine of the plane. The directional cosine is deter-
mined with the two angles (ϕ, θ) which are used to define 
the maximum shear stress plane, as shown in Figure  1. 
Number 1 at the bottom represents the direction of the 
first principal stress, Number 2 represents the direction 
of the second principal stress, and Number 3 represents 
the thickness direction. The directional cosine of the 
plane can be (n1, n2, n3).

 

(1)τ ≥ τcr .

(2)τ =
1

2
(σ1 − σ2).

(3)
σn = σ11n

2
1 + σ22n

2
2 + σ33n

2
3 + σ12n1n2 + σ13n1n3 + σ23n2n3,

(4)τ =

√

(σ11n1 + σ12n2 + σ13n3)
2 + (σ21n1 + σ22n2 + σ23n3)

2 + (σ31n1 + σ32n2 + σ33n3)
2 − σ 2

n .

(5)n1 = cos θ sin ϕ, n2 = cosϕ, n3 = sin θ sin ϕ.

The sheet metal deforms under the first principal stress 
and the zero-strain line will occur on the right part of 
the FLD in biaxial tensile. The angle ϕ is the default value 
ϕ = π/2 in the original shear failure criterion, but the 
default unchanged value will lead to subjectivity in the pre-
dicted result. In order to improve the applicability, a new 
calculation method, namely, the modified shear failure cri-
terion is proposed in this paper. The calculation method of 
angle θ is the same as the original method, but the value of 
ϕ is not the default value π/2 , which will be explained in 
detail later.

Herein define a ratio β to calculate the two angels (ϕ, θ) , 
which is the ratio of the strain increments. The range of the 
strain increment ratios is from 0.5 to 1.

Therefore, the magnitude of dε2 value determine which 
plane has the pure shear stress. In addition, shear failure 
will occur in one special shear plane due to any point in the 
deformation region. The stress state can be written as:

Under the plane stress and principal stress space condi-
tion, the stress tensor can be expressed as:

(6)β =
dε2

dε1
.

(7)σ =





σ11 σ12 σ13
σ21 σ22 σ23
σ31 σ32 σ33



.

Figure 1  Maximum shear stress plane with (ϕ, θ)
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2.2 � Modified Shear Failure Criterion
Based on the original shear failure criterion proposed by 
Lin et al. [15], the modified shear failure criterion is pro-
posed in this part. In addition, the values of (ϕ, θ) , β and 
dε2 are needed for this criterion. There would be two cases 
of shear failure plane-stress condition for numerical mag-
nitude of dε2.

Condition 1: ( dε2 ≥ 0)
In the right part of the FLD, dε2 ≥ 0 and ϕ = π/2 . On 

the theoretical basis of modified shear failure criterion, 
the mathematic expression of the directional cosine of 
stress, (n1, n2, n3) is not changed like Eq. (5). The pro-
jection length of Direction 1 (as shown in Figure  1) is 
cos θ sin ϕ and the projection length of thickness direc-
tion is sin θ sin ϕ . The directional cosine of plane 1-2 is:

The directional cosine of plane 1-3 is:

After simplification, its result is (cosθ , sinθ) . Moreover, 
the equations need to be satisfied for Plane 1-2 and Plane 
1-3:

Therefore (ϕ, θ) is given as follows. In addition, 
here defines ε̃2 . The relationship between (ϕ, θ) and 
(�ε1, �ε2, �ε3) is given by:

(8)σ =





σ11 0 0
0 σ22 0
0 0 0



.

(9)

(

cosϕ
√

cos2 ϕ + cos2 θ sin2 ϕ
,

cos θ sin ϕ
√

cos2 ϕ + cos2 θ sin2 ϕ

)

.

(10)

(

cos θ sin ϕ
√

(cos θ sin ϕ)2+(sin θ sin ϕ)2
,

sin θ sin ϕ
√

(cos θ sin ϕ)2 + (sin θ sin ϕ)2

)

.

(11)

�ε1
cos2 ϕ

cos2 ϕ + cos2 θ sin2 ϕ
+�ε2

cos2 θ sin2 ϕ

cos2 ϕ + cos2 θ sin2 ϕ
= 0,

(12)�ε1 sin
2 θ +�ε3 cos

2 θ = 0.

(13)tan2 θ =
�ε1

�ε3
,

(14)tan2 ϕ =
�ε1

�ε̃2
,

(15)ε̃2 = −
�ε3

�ε1 −�ε3
�ε2,

The values of (θ , ϕ) can be solved by using above 
method. Finally, according to Eq. (3) and Eq. (4), the 
angles calculated were substituted into the shear stress 
calculation equation to obtain the maximum shear stress.

Condition 2: ( dε2 ≤ 0)
In the left part of the FLD, dε2 ≤ 0 and ϕ  = π/2 which 

is different from the ϕ in the theory of the original shear 
failure criterion. Similarly, the directional cosine is also 
(n1, n2, n3) = (cos θ sin ϕ, cosϕ, sin θ sin ϕ).

Then substitute it into Eq. (11) and Eq. (12) to obtain 
the relation of (θ ,ϕ) . The calculation method of θ is not 
changed, but ϕ is changed and given by the following Eq. 
(18). According to Eq. (3) and Eq. (4), getting the maxi-
mum shear stress that is as Eq. (19):

The values of (θ , ϕ) under different conditions can be 
solved with the above method. If the shear stress is larger 
than the limit, the material will fail.

3 � Yield Criterion
In this study, the Hill48 yield criterion (Hill, 1948) were 
employed to describe the stress of the yield loci [16, 17]. 
Yield criterion means under certain deformation condi-
tion (deformation temperature, deformation speed, etc.), 
the material enters plastic deformation state only when 
the stress components conform to certain relations. The 
equation of Hill48 criterion under plane stress state is 
shown in Eq. (20):

In this equation,  F , G,  H and N  are the anisotropic 
parameters of the yield criterion, which are determined 
with the experiment result of different materials. When 
3F = 3G = 3H = N  , this yield criterion will turn to 
the isotropic yield criterion, Mises criterion. There are 
two methods to calculate the anisotropic parameters of 

(16)2θ = arcos

(

�ε1 +�ε3

�ε1 −�ε3

)

,

(17)ϕ = arcos

(

�ε2 −�ε1 +�ε3

�ε2 +�ε1 −�ε3

)

.

(18)2ϕ = arccos

(

�ε1 +�ε̃2

�ε̃2 −�ε1

)

,

(19)
τ =

√

σ11
(

n21 − n41
)

+ σ22
(

n22 − n42
)

− 2σ11σ22n
2
1n

2
2.

(20)
f = (G +H)σ 2

1 − 2Hσ1σ2 + (H + F)σ 2
2 + 2Nσ 2

12.
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Hill48 yield criterion. The stress method is shown from 
Eqs. (21, 22, 23, 24), where σ0, σ45, σ90, σb are the initial 
yield stresses [18]. σ0 represents the stress along the roll-
ing direction. σ45, σ90 represents the stresses at 45° and 
90° to the rolling direction, respectively. σb represents the 
biaxial yield stress obtained by the biaxial tensile test. The 
r-value method is shown from Eqs. (25, 26, 27, 28) where 
r0, r45, r90 represent the anisotropy parameters for differ-
ent directions [19].

4 � Verification of the FLD
4.1 � Calculation Process
The method of solving the theoretical forming limit 
curve makes use of the strain of initial Direction 1 and 
the ranges of the strain ratio β between Direction 2 and 
Direction 1. The maximum shear stress angles of mate-
rial forming limit is calculated under different strain 
ratios with Eqs. (3) and (4). For the purpose of coincide 
between the lowest point of forming limit curve in theory 
and that in experiment, the maximum shear stress in the-
ory needs to be modified according to the lowest strain of 
experiment. The maximum shear stress and the required 

(21)F =
1

2

(

(

σ0

σ90

)2

− 1+

(

σ0

σb

)2
)

,

(22)G =
1

2

(

1−

(

σ0

σ90

)2

+

(

σ0

σb

)2
)

,

(23)H =
1

2

(

1+

(

σ0

σ90

)2

−

(

σ0

σb

)2
)

,

(24)N =
1

2

(

(

2σ0

σ45

)2

−

(

σ0

σb

)2
)

,

(25)F =
r0

(1+ r0)r90
,

(26)G =
1

(1+ r0)
,

(27)H =
r0

(1+ r0)
,

(28)N =
(1+ r45)(r0 + r90)

2(1+ r0)r90
.

FLD are recorded. Then the related equations are neces-
sary, and the calculation process of the modified shear 
failure criterion is shown in Figure 2.

(1) The yield function (the same as constitutive 
function).

(2) The obtained shear stress from the Nonlinear Func-
tion (equals to the maximum shear stress).

(3) The strain ratio of Direction 1 and Direction 
2 (equals to a given ratio [19], and the ratio is not a 
constant).

In Figure 2, the deformation process is from zero and 
the increment of �ε1 is set as 0.000001. It is found that 
when the increment of �ε1 is less than 0.000001, the 
result will change impossibly. In other words, 0.000001 is 
small enough for the increment of �ε1 . �ε2 is calculated 
with Eq. (6) as shown in Figure 1.

4.2 � Experiment Verification
In this part, in order to verify the modified shear failure 
criterion, two kinds of metals, TRIP780 and 5754O  are 
adopted. The material properties are given from Tables 1, 
2, 3, 4, 5, 6. Moreover, the material property parameters, 
the constitutive model coefficients and the experimental 
data of forming limit for TRIP780 are from Ref. [20]. The 
properties of 5754O are from Refs. [21, 22].     

4.2.1 � Experiment Verification of the FLD for TRIP780
For TRIP780, the modified Voce constitutive [23, 24] 
and Swift constitutive equations are adopted [24]. The 
mechanical property parameters of TRIP780 are listed in 
Table  1 [20]. The related parameters are in Table  2 and 
Table 3. As shown in Figure 3, the two constitutive equa-
tions can better fit the stress-strain curve. The equation 
of the strain-stress relation σ = f

(

εp
)

 can be obtained 
with the experimental results, where εp is the equivalent 
plastic strain, σ  is the equivalent stress and σ0 is the ini-
tial yield stress [25–27]. The rolling direction is selected 
as the reference direction. The modified Voce constitutive 
model is shown in Eq. (29), where A, B, C, D are all con-
stant of the material needed to be fitted with experiment 
data so as to better describe the deformation process.

The Swift constitutive equation is shown in Eq. (30), 
where K is the coefficient of material and n is the harden-
ing coefficient of material, which are needed to be fitted 
with the stress and the strain of material.

(29)σ = A− B exp
(

−Cεp
)

+ D.

(30)σ = K
(

εp + ε0
)n
.
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Based on the modified shear failure criterion proposed 
above, the FLDs of the TRIP780 under proportional load-
ing path are solved and shown in Figures 4 and 5 with the 
modified Voce and the Swift constitutive criterion. The 
FLDs based the original shear failure criterion are also 
calculated for comparison.

The FLDs of TRIP780, based on the modified Voce 
constitutive equation in Figure 4 and the Swift constitu-
tive equation in Figure 5, calculated by the original shear 
failure criterion and the modified shear failure criterion, 

Figure 2  Calculation process of the FLD

Table 1  Mechanical property parameters of TRIP780 [20]

σ0(MPa) σ45(MPa) σ90(MPa) σb(MPa) r0 r45 r90

463.5 460.8 497.5 488.1 0.720 0.920 0.830

Table 2  Modified Voce constitutive equation constants of 
TRIP780 [20]

A B C D

910 479.9 14.240 334.788

Table 3  Swift constitutive equation parameters of TRIP780 [20]

K n ε0

1503.6 0.273 0.0083
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show that these left tensile-compression section of the 
FLDs are very close. But there are obvious differences 
in the right part of FLD and the curves based on the 
modified shear failure criterion are more close to the 
experiment results. In addition, the forming limit curves 
calculated with Swift constitutive equation are more 
close to the experiment results than those with modi-
fied Voce equation though the two constitutive equations 
have the same accuracy for the uniaxial tension as shown 
in Figure 3.

Table 4  Mechanical property parameters of 5754O [21]

σ0(MPa) σ45(MPa) σ90(MPa) σb(MPa) r0 r45 r90

108.671 108.678 113.385 110.041 0.707 0.894 0.956

Table 5  Swift constitutive equation parameters of 5754O [21]

K n ε0

474.9 0.3236 0.0068

Table 6  Modified swift constitutive equation parameters of 
5754O [21]

K n ε0 C

637.8 0.1602 0.0086 − 219.6

Figure 3  Stress-strain curves of material TRIP780

Figure 4  Experimental and theoretical FLD of material TRIP780 
based on Modified Voce constitutive equation

Figure 5  Experimental and theoretical FLD of material TRIP780 
based on swift constitutive equation

Figure 6  Stress-strain curves of material 5754O
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4.2.2 � Experiment Verification of the FLD for 5754O
The mechanical property parameters of 5754O are listed 
in Table 4. The Swift constitutive model shown in Eq. (30) 
and the modified Swift constitutive model shown in Eq. 
(31) are adopted. The related parameters are as shown in 
Tables 5 and 6. As shown in Figure 6, both of the two con-
stitutive equations can predict the uniaxial tensile proper-
ties reasonably.

Compared with Swift constitutive model, the modified 
Swift constitutive model is shown in Eq. (31), where K is 
the coefficient of the material, n is the hardening coefficient 
of material, and C is a constant coefficient to adjust the 
trends of the FLC, which are needed to be determined with 
the experiment.

The FLDs under proportional loading path based 
on different constitutive equations are shown from 

(31)σ = K
(

εp + ε0
)n

+ C .

Figure 7 and Figure 8 where the experimental data are 
the same. Under the modified shear failure criterion 
which shown in Figure 7 and Figure 8 for proportional 
loading, the FLDs of 5754O based on Swift constitutive 
equation and the modified Swift constitutive equation 
are closer to the experimental result than those based 
on the original shear failure criterion. In addition, the 
modified Swift constitutive equation has higher accu-
racy than Swift constitutive equation in predicting FLD 
based on the proposed shear failure criterion. As Fig-
ure  6 shows, although the original and modified swift 
constitutive equation can describe the uniform defor-
mation, they will bifurcate gradually with deformation 
becomes larger. The strain value in FLD is obviously 
larger than that during the uniform process, so that the 
constitutive equation will affect the prediction of form-
ing limit. 

Figure 7  Experimental and theoretical FLD of material 5754O based 
on Swift constitutive equation

Figure 8  Experimental and theoretical FLDs of material 5754O based 
on modified swift constitutive equation

Figure 9  Experimental and theoretical FLD of material 5754O based 
on modified swift constitutive equation (pre-strain = 0.072, = 0.044)

Figure 10  Experimental and theoretical FLD of material 5754O 
based on modified swift constitutive equation (pre-strain = 0.134, 
=−0.044)
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As shown from Figures 9, 10, 11, 12, the FLDs are under 
complex loading paths (the FLDs under linear load-
ing path after some pre-strains) based on the modified 
Swift constitutive equation. From Figures 9, 10, 11, 12, it 
is shown that the proposed modified shear failure crite-
rion can predict the FLDs more accurate than the origi-
nal shear failure criterion. As for Figure 11, although the 
modified shear failure criterion and the modified Swift 
equation are adopted, there is still deviation between the 
theoretical and experimental results. There are two pos-
sible reasons for this. One is the experimental error and 
the other is the modified shear failure criterion itself.   

The predicted FLDs under linear and complex loading 
paths based on the modified shear failure criterion are 
compared in Figure 13. It is found that when the complex 
pre-strain is close to the uniaxial pre-strain, the forming 
properties of the material will improve and the forming 
limit curve will increase. When the complex pre-strain is 
close to the equal biaxial tensile condition, the forming 
properties of the material will decrease and the forming 
limit curve will be lower.

5 � Conclusions

(1)	 The modified shear failure criterion is established 
in this study. Compared to experimental FLDs of 
TRIP780 and 5754O, it is shown that the modified 
shear failure criterion has higher accuracy than 
original shear failure criterion. With the original 
criterion, the FLCs trends of the right part of the 
FLD rise, namely the slope is positive. But with the 
modified method, the FLCs trends of the right part 
of the FLD rise firstly and then decline, namely the 
slope increases firstly and then decreases.

(2)	 Besides the shear failure criterion, the constitutive 
equation has obvious effect on the prediction of 
forming limits. The Swift constitutive equation has 
high accuracy for TRIP780 steel while the modified 
Swift constitutive relation fits for 5754 aluminum 
alloy.

(3)	 For the forming limits of 5754O with different pre-
strains based on the modified shear failure crite-
rion, the FLCs move to the left part of FLD under 
pre-strain close to uniaxial tension compared with 
the FLC with no pre-strain. Meanwhile, the FLCs 
will move to the right part of FLD under the pre-
strain close to biaxial tension compared with FLC 
with no pre-strain.

(4)	 Although the proposed modified model  can pre-
dict FLD more accurately than original shear failure 
criterion, there is still some deviation between the 
experimental and theoretical data. There are maybe 

Figure 11  Experimental and theoretical FLD of material 5754O 
based on modified swift constitutive equation (pre-strain = 0.140, = 
0.068)

Figure 12  Experimental and theoretical FLD of material 5754O 
based on modified swift constitutive equation (pre-strain = 0.071, 
=−0.029)

Figure 13  Experimental FLD of material 5754O based on modified 
shear fracture criterion with modified swift constitutive equation
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two reasons for this. The first is that the experi-
mental measurement errors of forming limit data 
is inevitable. The second is that the loading paths 
(proportional loading or complex loading) during 
the theoretical calculation process are ideal, which 
are not completely coincide with those in experi-
mental process. For instance, for the forming limit 
experiments under proportional loading path, the 
stress loading path is difficult to be completely pro-
portional because of the errors from the equipment 
and tools.
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