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1- Introduction

One of the most common and significant defects in the
sheet metal forming processes is sheet fracture. From a
microstructural perspective, fracture occurs due to the
growth and coalescence of microvoids. The GTN damage
model accurately represents the growth and coalescence of
microvoids, providing reliable predictions of material
fracture. The GTN model's potential function considers the
hydrostatic effects of stress components and void volume
fraction to predict necking and onset of fracture. Studies
have demonstrated that combining the GTN damage
model with the M-K model is highly effective for
predicting the onset of fracture and determining the
forming limit curves (FLCs). In this approach, the GTN
criterion is employed to predict fracture in the defective
region of the M-K model. This combined model has been
applied to predict the FLC of various materials, including
AISI 304, AA6016-T4, Cu/Ni-coated foils, and AA1050.
In this study, the combined GTN and M-K model was
utilized to obtain the FLCs of steel sheets. Initially, finite
element simulations of the M-K model incorporating the
GTN model were performed. Subsequently, polynomial
relationships were derived using the obtained data to
predict limit strains and construct the FLCs of steel sheets.
Microstructural parameters (using the GTN damage
model) and macroscopic material variables (using the
Swift hardening relationship) were considered.

2- Experimental Tests

Uniaxial tensile tests were conducted on AISI 304 steel
sheets with a thickness of 0.7 mm to determine mechanical
properties and identify Swift equation parameters.
Additionally, Nakajima tests (bulging with a
hemispherical punch) were performed on six notched disk-
shaped sheet samples with an outer diameter of 200 mm
and widths of 20, 40, 60, 80, 100, and 140 mm, as well as
one circular sample (200 mm diameter). Limit strains and
the forming limit diagram were obtained through these
tests. A hemispherical punch with a diameter of 100 mm
was used for the Nakajima tests. Before each test, the

punch was lubricated and three layers of 0.05 mm-thick
Teflon film were placed between the sheet and the punch
to minimize friction.

3- Finite Element Simulation of the M-K Model

A finite element model based on the M-K approach was
developed to determine limit strains. The model consisted
of a sheet with a length of 14 mm, a width of 7 mm, and a
thickness of 0.7 mm. Four simulations were conducted
under different boundary conditions, as illustrated in
Figure 1, each yielding the coordinates of a single point on
the FLC. Regions A and B of Figure 1 depict the M-K
model's  non-defective and  imperfection  zones,
respectively. Region B has the same thickness as region A
but contains microvoids with an initial volume fraction of
fo, whereas region A has no voids. The GTN model
controls void growth in both A and B regions.
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Figure 1. Boundary conditions and loading in the finite
element models of M-K for constructing a complete FLC (a)
uniaxial tension, (b) plane strain, (c) biaxial tension,

(d) equal biaxial tension
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4- Experimental Design

In the designed experiments, the GTN model parameters
(92, fo, fc, fn) and the Swift equation parameters (K, o, n)
were considered as inputs, while the minor and major limit
strains served as outputs. Five additional GTN model
parameters (s, s, fr, S, en) Were assigned constant values
based on references: 1.5, 2.25, 0.15, 0.1, and 0.3,
respectively. Three levels were defined for each input
parameter as shown in Table 1. A total of 143 tests were
designed using a central composite design method. Each
test involved different combinations of GTN and Swift
parameters, which were applied to the finite element M-K
model.

Table 1. Values of GTN and Swift equation parameters in
the designed experiments

Parameter Lower Mid- Upper
limit value limit
K (MPa) 300 900 1500
& 0.001 0.0255 0.05
n 0.1 0.35 0.6
q, 1 15 2
1-f, 0.9900 0.99495 0.9999
fn 0.01 0.03 0.05
fc 0.02 0.06 0.10

5- Results and Discussion

Figure 2 shows the distribution of major limit strains in an
AISI 304 sheet at the onset of fracture under different
loading conditions. To better illustrate the sheet, elements
in region B at the onset of fracture were not removed. As
depicted in Figure 2, the major limit strain values in the
non-defective region (A) differ significantly from those in
the imperfection region (B). For instance, in the plane-
strain loading (Figure 2-b), the major limit strain in region
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B is 1.01, far exceeding the 0.36 value in region A. This
difference arises from the sudden growth of void volume
and limit strains before fracture occurs in region B,
attributed to necking followed by fracture.

Simulation outputs yielded the minor and major limit
strains at four specified points on the FLC (corresponding
to the loading conditions in Figure 1). These strains
represent seven outputs in total, considering the minor
strain for plane strain loading is zero. Variance analysis
was performed on the major and minor limit strain data
obtained from the designed tests, and interpolation
functions with minimal error and complexity were
selected. These functions were developed to construct
FLCs of steel sheets. To validate the accuracy of these
functions, four random combinations of input parameters
were generated, and the FLCs were computed. These
random combinations are listed in Table 2. The predicted
FLCs were also computed using finite element simulations
of the M-K model. Figure 3 compares the analytical
predictions with the finite element results, demonstrating
the accuracy of the derived functions in terms of both
strain values and FLC shape.

Table 2. Random Input Parameter Combinations for FLC

Prediction
Parameter Set 1 Set 2 Set 3 Set 4
K (MPa) 500 900 1350 1350
& 0.04 0.002 0.001 0.005
n 0.25 0.40 0.20 0.35
qs 1 1 1 15
1-fu 0.99 0.99 0.99 0.99495
fn 0.001 0.04 0.02 0.015
fc 0.005 0.020 0.020 0.014
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Figure 2. Distribution of major limit strains in AISI 304 sheet at the moment of fracture
(a) uniaxial tension, (b) plane strain, (c) biaxial tension, (d) equal biaxial tension
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6- Conclusion

The results demonstrated that the finite element M-K
model combined with the GTN damage criterion is a
simple yet efficient method for determining the limit
strains of steel sheets. Quadratic functions were derived
from the finite element data for constructing the FLCs of
steel sheets. To determine limit strains and draw the FLCs,
three Swift parameters (K, &o, n) and four GTN parameters
(92, fo, fc, fn) were utilized. These functions accurately
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predicted limit strains for random input parameters.
Furthermore, limit strain predictions for AISI 304 steel
sheets using the quadratic functions and finite element
models revealed comparable accuracy. For instance, plane
strain limit strains predicted by the finite element and
analytical models were 0.3680 and 0.3647, respectively,
with errors of 2.01% and 0.44% compared to experimental
results.
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Figure 3. Comparison of FLCs predicted by analytical functions and finite element M-K model results
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Modeling the Forming Limit Curve of Steel Sheets Using GTN Model Parameters and Swift

Hardening Equation Variables
Mahdi Chelovian Abdolvahed Kami

Abstract The precise prediction of forming limit curves (FLCs) is vital for improving the formability of steel sheets,
significantly impacting industries like automotive and aerospace manufacturing. Despite its significance, current
approaches for determining FLCs are complex and necessitate more reliable prediction models. This paper aims to
introduce theoretical relationships for accurately predicting limit strains and constructing the FLC of steel sheets. By
selecting four specific points on the FLC, the corresponding maximum and minimum limit strains were determined
using analytical models based on finite element simulations of the M-K model. Two sets of parameters were considered:
GTN damage model parameters (micro-scale) and Swift's equation variables (macro-scale). The seven studied
parameters, including void volume fractions, adjustment parameter (g2), critical void volume fraction, nucleation void
volume fraction, coefficient of strength, initial strain, and hardening exponent, were used as inputs for a central
composite design of experiments. Each experiment represented a combination of the parameters and was simulated in
four forming paths, providing coordinates for the FLC points. Interpolation of data from the finite element simulations
led to the development of practical analytical functions for predicting the FLC of steel sheets. The functions' validity
was demonstrated by computing multiple FLCs with randomly chosen parameter values and comparing them to FLCs
obtained from the M-K model's simulations. The findings indicated that the formulated equations precisely determine
the FLC of steel sheets. The predicted limit strain in the AISI304’s plane strain zone was 0.3647, exhibiting an error of
0.44% relative to the experimental value of 0.370.

Keywords GTN model, Forming limit curve, M-K Model, Steel sheet, AlISI304.
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