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ANFIS‑based forming limit 
prediction of stainless steel 316 
sheet metals
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Effect of microstructure on the formability of the stainless sheet metals is a major concern for 
engineers in sheet industries. In the case of austenitic steels, existence of strain‑induced martensite 
( α

′

‑martensite) in their micro structure causes considerable hardening and formability reduction. In 
the present study, we aim to evaluate the formability of AISI 316 steels with different intensities of 
martensite via experimental and artificial intelligence methods. In the first step, AISI 316 grade steels 
with 2 mm initial thicknesses are annealed and cold rolled to various thicknesses. Subsequently, 
the relative area of strain‑induced martensite are measured using metallography tests. Formability 
of the rolled sheets are determined using hemisphere punch test to obtain forming limit diagrams 
(FLDs). The data obtained from experiments were further utilized to train and validate an artificial 
neural fuzzy interfere system (ANFIS). After training the ANFIS, predicted major strains by the neural 
network are compared to a new set experimental results. The results indicate that cold rolling has 
unfavorable effects on the formability of this type of stainless steels while significantly strengthens 
the sheets. Moreover, the ANFIS exhibits satisfactory results in comparison to the experimental 
measurements.

The formability of sheet metals although has been the subject of research articles for decades, is yet an interest-
ing field of study in metallurgy. The new technological instruments and computational models make it easier to 
find about the underlying factors affecting formability. Most importantly, using crystal plasticity finite element 
methods (CPFEM) in recent years reveals the significance of microstructure on the forming limits. On the 
other hand, availability of scanning electron microscope (SEM) and Electron Backscatter Diffraction (EBSD) 
have aided researchers to observe microstructural activities of the crystalline structures during deformation. 
Understanding of effects of different phases in metals, grain size and orientation and micro-scale imperfection 
in the grain level are vital in prediction of formability.

Formability determination itself is challenging procedure since it has been proven that formability is highly 
path-dependent1–3. Therefore, conventional forming limit strains representation could not be reliable in non-
proportional loading conditions. On the other hand, the majority of loadings paths in industrial application is 
categorized as non-proportional. In this regard, conventional hemi-sphere and Marciniak–Kuczynski (M–K) 
experimental methods should be utilized with  caution4–6. In recent years, another concept of fracture forming 
limit diagram (FFLD) has attracted the attention of many engineers in the field of formability. In this concept, 
the formability of the sheets is predicted using the damage models. In this regard, path independency is intrinsi-
cally incorporated in the analyses and the results are in good agreement with non-proportional experimental 
 results7–9. Formability in sheet metals has dependency on several parameters and processing history of the sheets 
and also on the microstructure and phases in  metals10–15.

Size-dependency is a challenge in incorporation of micro-features on metals. In small-deformation space, 
the dependency of the vibration and buckling characteristics has proven to be strongly dependent on the length 
scale of the  materials16–30. Effects of grain size on the formability have been recognized in industry for a long 
time. Effects of grain size and thickness on the stretchability of sheet metals were examined using theoretical 
analysis by Yamaguchi and  Mellor31. Using Marciniak model, they reported that decrease in the thickness to grain 
size ratio causes decrease in stretchability of sheets in biaxial stretch loading condition. Experimental results by 
Wilson et al.32 confirm that reduction in the thickness to average grain diameter (t/d) leads to decrease in biaxial 
stretchability of three different sheet metals with various thicknesses. They concluded that for t/d values less than 
20, the prominent strain inhomogeneity and necking are mostly affected by individual grains in the thickness 
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of the sheet. Effect of grain size austenitic stainless steels 304 and 316 on the bulk workability was investigated 
by Ulvan and  Koursaris33. They reported that the formability of these metals were not affected by grain size but 
slight variation in the tensile characteristics were seen. In specific, increase in grain size resulted in decrease the 
strength measures of these steels. Examination of the effect of dislocation density on the flow stress of nickel metal 
reveals that irrespective of grain size, it is the dislocation density that determines the flow stress of the  metal34. 
Grain interaction and initial orientations also have significant influence on the texture evolution in aluminum 
as examined by (Becker and Panchanadeeswaran using experimental and crystal plasticity  simulations35. The 
numerical results in their analyses were in good harmony with experiments although due to limitations in apply-
ing boundary condition some simulation results deviated from experiments. Rolled aluminum sheets manifested 
different formabilities as detected crystal plasticity simulations and experimental  examination36. It was shown 
that although the stress–strain curves of different sheets were almost similar, there were a significant differences 
in their formability based on the initial textures. Amelirad and Assempour utilized experimental and CPFEM 
to obtain forming limit curves in austenitic stainless steel sheet  metal37. Their simulation reveals that increase 
in grain size shifts forming limit curves upward in FLD. Moreover, grain orientation and morphology effects on 
the void nucleation were examined by the same  authors38.

Beside grain morphology and orientation, the state of twinning and second phases are important in austenitic 
stainless steels. Twinning is the main mechanism of hardening and elongation improvement in the TWIP  steels39. 
 Hwang40 reported that the formability of TWIP steels is not satisfactory despite the adequate tensile responses. 
However, the effects of strain-induced twinning on the formability of austenitic steel sheets is not recognized 
well. Mishra et al.41 examined austenitic stainless steel to observe twinning generation under different stretching 
strain paths. They found that twinning could be generated from both sources of decay of annealing twins and 
new generation of twins. It was observed under biaxial stretching the maximum twins are generated. Moreover, 
austenite to α′-martensite transformation was observed to be strain path dependent. Hong et al.42 explored the 
effects of strain-induced twinning and martensite in selective laser melted austenitic steel 316 L on the hydrogen 
embrittlement in a range of temperature. It was observed that based on the temperature value, the hydrogen 
could results in fracture or enhancing formability of the 316 L steels. Volume of strain-induced martensite under 
tensile loading condition in various loading rate was measured experimentally by Shen et al.43. It was revealed 
that increase in the tensile strain increases the volume fraction of martensite fractions.

Using artificial intelligence methods in the science and engineering fields are increasing due to their versatility 
in modeling complex problems without engaging the physical and mathematical foundations of the  problem44–52. 
Moradi et al.44 utilized machine learning method to optimize the chemical condition leading to producing smaller 
nano-silica particle. Other chemical properties also affected the nano-scale material properties as investigated in 
many research  articles53. Xie et al.45 engaged ANFIS to predict formability of plain carbon steel sheet metals under 
different rolling conditions. Dislocation density in low carbon steels increases extensively due to cold rolling. 
The mechanism of the hardening and reducing formability is different in the plain carbon steel from austenitic 
stainless steels. In plain carbon steel no phase transformation occur in the microstructure of the metal. Beside 
the phase of metals several other microstructural features arising from different processing of heat treatmetnt, 
cold working, aging affects the ductility, fracture, machinability, etc. of the  metals54–62. Recently, Chen et al.63 
considered the effects of cold rolling on the formability of 304 L steels. They considered only phenomenological 
observations in the experimental tests to train a neural network on for prediction of the formability. Indeed, 
several factors combines in reduction of stretchability of sheets in the case of austenitic stainless steels. Lu et al.64 
utilized ANFIS to observe effects of different parameters on the hole expansion process.

As discussed briefly in the above review, effect of the microstructure on the forming limit diagrams are 
scarcely addressed in the literature. On the other hand, the microstructural features to be considered are numer-
ous. Therefore, incorporation of all microstructural factors is hardly possible in analytical methods. In this sense, 
using artificial intelligence could be helpful. In this regard, effect of an aspect of microstructural factor, namely 
existence of stress-induced martensite, on the formability of the stainless sheet metals is investigated in the pre-
sent study. This study contrasts from other AI studies on the formability with its focus on the microstructural 
features and not only on the experimental FLD curves. We aim to evaluate the formability of 316 steels with 
different levels of martensite using experimental and artificial intelligence methods. At the first step, 316 steels 
with 2 mm initial thickness are annealed and cold rolled to various thicknesses. Afterwards, the relative area 
of martensite are measured using metallography tests. Formability of the rolled sheets are determined using 
hemisphere punch test to obtain forming limit diagrams (FLDs). The data obtained from are further utilized to 
train and validate an artificial neural fuzzy interfere system (ANFIS). After, training the ANFIS, the predictions 
of the neural network are compared to a new set experimental results.

Experimental setup
Heat treatment and rolling of sheets. The sheet metal used in the current study in austenitic stainless 
steel 316 with the chemical composition presented in Table 1 with initial thickness of 1.5 mm. An annealing 
process at 1050 °C for 1 h followed by water quenching was conducted to remove any residual stress in the sheet 
and to obtain a uniform micro structure.

Table 1.  Measured chemical composition of 316 sheet.

C Si S P Mn Ni Cr Mo V Ti Cu W Fe

0.074 0.256 0.006 0.032 1.80 10.70 16.30 2.15 0.053 0.005 0.254 0.071 Rem.
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Metallography test. The microstructure of the austenitic steels could be revealed using several etchants. 
One of the best etchants are 60% nitric acid in distilled water at 1 V direct current for 120  s38. However, this 
etchant only reveals grain boundaries and the twin boundaries could not be recognized as could be observed 
in Fig. 1a. One another etchants is acetic glyceregia in which the twin boundaries are well revealed but grain 
boundaries are not revealed very well as seen in Fig. 1b. Moreover, after transforming metastable austenitic phase 
to α′-martensite phase, the martensite could be revealed using acetic glyceregia etchants which is of interest in 
the current study.

Cold rolling process
The annealed sheets were cut to 11 cm width and 1 m long for the rolling purpose. The cold rolling apparatus had 
two symmetric rolls with 140 mm diameters. The cold rolling process induces the transformation of austenite 
to strain-induced martensite in 316 stainless steel. We are seeking the ratio of martensite phase to austenite 
phase after cold rolling to different thicknesses. A sample of the rolled sheet microstructure is shown in Fig. 2. 
Figure 2a demonstrates the metallography image of the rolled sample as seen from the normal to sheet direction. 
In Fig. 2b, the portion of the martensite is contrasted with black color using ImageJ  software65. Using the tools 
in this open-source software it is possible to measure the area of the martensite portion. A detailed fraction of 
martensite to austenite phase after rolling to various thickness reductions are provided in Table 2.

The values provided in Table 2 are obtained by averaging martensite fraction measured from three pictures 
from the different locations of same metallographic sample. Moreover, a quadratic fitting curve is displayed in 
Fig. 3 to have a closer insight into the effect of cold rolling on the martensite. It is seen that almost a linear cor-
relation is maintained between martensite fraction and cold rolling thickness reduction. However, a quadratic 
relation has better representation for this relationship.

Figure 1.  Microstructure of 316 sheet metal after annealing in as received condition as revealed by different 
etchants, (a) 200x, 60% HNO3 in distilled water at 1.5 V for 120 s, and (b) 200x, acetic glyceregia.

Figure 2.  Microstructure of 316 L sheet after being rolled to 50% thickness reduction as viewed from normal to 
sheet plane direction, 200x, acetic glyceregia.
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Forming limit measurement. The forming limit evaluations follow a routine procedure using hemisphere 
punch  test37,38,45,66. In total, six samples with the dimensions given in Fig. 4a are prepared by laser cutting method 
as one set of experiment samples. For each martensite fraction condition, three sets of test samples are prepared 
and tested. Figure 4b shows the cut, polished and marked samples.

The hemisphere punch test are conducted using hydraulic press with 2 mm/sec displacement rate is used. The 
contact surfaces of punch and sheet are lubricated sufficiently to minimize the effect of friction on the forming 
limit values. The tests were continued until an apparent necking or fracture was observed in the sample. In Fig. 5, 
a fractured sample in apparatus and after test are shown.

Neuro‑fuzzy system in predicting FLD method
The neural-fuzzy system developed by  Jang67 is a suitable tool in predicting forming limit curves of sheet metals. 
This type of artificial neural networks incorporates the effects of parameters having fuzzy descriptions. It means 
that they could take any real value in their domain. This type of values is further categorized based on their value. 
Each category would affected by its respective rule. For example, the temperature value could be any real number, 
Based on its value it could be categorized as cold, moderate, warm and hot temperature. In this regard, the rule 
for cold temperature is, for example, “wear a jacket” and for the warm temperature is “A T-shirt is enough”. In the 
fuzzy logic itself, the output results are evaluated for its accuracy and reliability. Incorporating neural network 
system with fuzzy logic make it possible to ensure the ANFIS provides reliable results.

A simple neural-fuzzy network is depicted in Fig. 6 as provided by  Jang67. As seen in this figure, the network 
accepts two inputs which in the case of our study the inputs are martensite fraction in microstructure and minor 
strain value. In the first layer of analysis the fuzzification of the input values is performed using fuzzy rules and 
membership functions (MFs):

for i = 1, 2 , since the input data assumed to have two description categories. The MFs could take any form of 
triangle, trapezoidal, Gaussian or any other forms.

Based on the categories of Ai and Bi and their MF values some rules are adopted in the layer 2 as depicted in 
Fig. 7. In this layers, effects of different inputs are combined in a certain way. Here, the following rule are used 
to combine the effects of martensite fraction and minor strain values:

The output of this layer, wi , are called firing strength. These firing strengths are normalized following the 
below relation in Layer 3:

In Layer 4, Takagi and Sugeno’s  rule67,68 is incorporated in the calculations to consider the effects of initial 
values of input parameters. The following relation is held in this layer:

(1)µAi (X),µBi (Y),

(2)wi = µAi (X)× µBi (Y).

(3)wi =
wi

∑

k wk
.

Table 2.  Different thickness reduction the 316 stainless steel sheet in cold rolling process and their respective 
martensite fraction measure.

Thickness reduction (%) 10 21 29 40.5 50

Mean martensite fraction (%) 7.8 15.4 18.3 25.6 28.7

Standard deviation (%) 2.5 3.8 2.4 4.1 3.4

Figure 3.  Change in the martensite fraction as finction of thickness reduction in cold rollign process for 
initrially annealed 316 sheets.
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The obtained fi were affected by the normalized values in layers to give the final output which is the value 
of major strain:

where NR denotes number of rules. The role of the neural network here is to use its internal optimization algo-
rithms to adjust unknown parameters of the network. The unknown parameter are the consequent parameters 
{

pi , qi , ri
}

 and parameters related to MFs which are considered to be generalized bell-shape functions:

Using ANFIS in determining FLD. Forming limit diagrams are dependent on many parameters from 
chemical composition to history of deformation in the sheet metals. Some parameters are simple to evaluate 
including the tensile test parameters and some others take more complicated procedure like metallography or 
determination of residual stress. In most cases, it is beneficial to perform forming limit test on each batch of 
sheets. However, sometimes the results other tests could be utilized in approximating forming limits. For an 
account, several studies have utilized tensile testing results to determine the formability of  sheets69–72. Other 
studies incorporated more parameters like thickness and grain size into account in their  analyses31,73–77. How-
ever, incorporating all effective parameters are not computationally beneficial. Therefore, using ANFIS models 
could be a reasonable approach to these  problems45,63.

In this work, the effect of martensite fraction value on the forming limit diagram of austenitic steel 316 sheets. 
In this regard, a data set is prepared using experimental tests. The designed system has two input variables: 

(4)fi = piX + qiY + ri .

(5)f =

NR
∑

k=1

wkfk ,

(6)f (x; a, b, c) =
1

1+
∣

∣

x−c
a

∣

∣

2b
.

Figure 4.  Nakazima’s forming limit samples dimensions and cut sheets. (a) dimensions, (b) cut and marked 
samples.
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martensite fraction as measured in metallography tests and minor engineering strain range. The output is taken 
to be major engineering strain of the forming limit curve. The categories of the martensite fraction is three 
categories of low, medium and high fractions. With low, it is meant that the martensite fraction is below 10%. 
In the medium condition, the martensite fraction falls between 10 and 20%. The high value of the martensite 
is regarded as fractions above 20%. In addition, the minor strain has three distinct categories of between − 5 
and 5% near vertical axis for determination of FLD0. The positive and negative ranges are two other categories.

Results
Forming limit results. The results of the hemisphere tests are presented in Fig. 8. This figure contains 6 
forming limit diagram, 5 of them are the FLDs of a single rolled sheets. The safe points and their upper bound 
curve, forming limit curve (FLC), are presented. In the last graph, all the FLCs are compared. As seen from the 
last graph, increase in the martensite fraction of the austenitic steel 316 reduces the formability of the sheet 

Figure 5.  Forming limit determination using hemisphere punch test, (a) Test aparatus (b) Sample sheet in 
aparatus in time of fracture, (c) The same sample after test.

Figure 6.  Schematic of ANFIS layers for two inputs and one  outputs67.
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metal. On the other hand, increase in the martensite fraction gradually shapes the FLCs to a symmetric curve 
about vertical axis. In the last two graphs, the right side of the curves are slightly higher than left side meaning 
that formability in the biaxial stretch conditions are higher than uniaxial stretch loading. Moreover, both minor 
and major engineering strains at before necking reduce with increase in the martensite fraction.

ANFIS results. Training of the neural network is implemented using 60 set of the experimental results of 
7.8, 18.3 and 28.7% martensite fractions. The data set from 15.4% martensite are reserved for validation process 
and 25.6% for testing process. The error after 150 epoch was around 1.5%. The correlation between provided 
actual output ( ǫ1 , major engineering strain) for both training and testing are depicted in Fig. 9. As observed, the 
trained NFS satisfactorily predicts ǫ1 for the sheet metals.

In some point during training, the ANFIS network inevitably becomes over-fitted. To recognize this point, a 
parallel check called “validation” is performed. If the validation error value deviates from the training value, it 
means that the network is at the beginning of the over-fitting. As seen in Fig. 9b, until epoch 150, the difference 
between training and validation curves are small and they follow the approximately the same curve. At this 
point, the error of the validation process begins to deviate from training curve which is the sign of overfitting 
the ANFIS. Therefore, the ANFIS network at epoch 150 was saved with the error margin of 1.5%. At the next, 
the FLC predictions of ANFIS are presented. In Fig. 10, the predicted curves and actual curves of the selected 
samples for training and validation process are given. Since the data from these curves are used for training 
network, it is not surprising to observe very close predictions.

The condition of the last sample is unknown to the ANFIS model. Therefore, we test our trained ANFIS by 
feeding the martensite fraction of 25.6% sample to obtain the FLC. Figure 11 provides the FLC as predicted by 
ANFIS along with experimental FLC. The maximum error between the predicted value and experimental ones 
is 6.2% which is higher than the predicted values in training and validation process. However, this error is an 
acceptable error in comparison to other studies in which FLC is predicted by theoretical  methods37.

Conclusion
In industry, the influencing parameters on the formability are described in a linguistic form. For example, “large 
grain size decreases the formability” or “increase in cold work drops the FLC”. The inputs of ANFIS network, 
at the first step, divided into linguistic categories of, for example, low, medium and high. For different category, 
different rules are adopted by the network. Therefore, in industry this type of network could be very useful in 
term of both linguistic description of factors and also inclusion of several factors in the analysis. In this work, we 
tried to incorporate one of the major microstructural features of the austenitic stainless steels into consideration 
exploiting the capabilities of ANFIS. The amount of stress-induces martensite in the 316 is a direct effect of the 
cold work in these sheets. Using experimental and ANFIS analyses, it was determined that increase in the mar-
tensite fraction in this type of austenitic stainless steels results in significant drop in the FLC of 316 sheets such 
that increase from 7.8 to 28.7% of martensite fraction drops FLD0 from 0.35 to 0.1, respectively. On the other 
hand, the trained and validated ANFIS network using 80% of available experimental data could predict the FLC 
with maximum 6.5% error which is an acceptable error margin in comparison to other theoretical procedures 
and phenomenological relations.

Figure 7.  Fuzzy subspaces for ANFIS with two inputs and four rules.
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Figure 8.  Foming limit curves of 316. Effect of martensite fraction on the formability of austenitic steel sheets. 
(SF safe points, FLC forming limit curve, M martensite).
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Figure 9.  (a) correlation between predicted and actual values after training process, (b) Error between 
predicted and actual values of major engineering strain on FLC for both training and validation process.
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Figure 10.  Actual experimental FLCs versus ANFIS-predicted curves for different martensite fraction 
conditions. These curves are utilized for training process.
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Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 11 December 2022; Accepted: 23 January 2023

References
 1. Iftikhar, C. M. A. et al. An evolution of subsequent yield loci under proportional and non-proportional loading path of ‘as-received’ 

extruded AZ31 magnesium alloy: Experiments and CPFEM modeling. Int. J. Plast. 151, 103216 (2022).
 2. Iftikhar, C. M. A. et al. Evolution of subsequent yield surfaces with plastic deformation along proportional and non-proportional 

loading paths on annealed AA6061 alloy: Experiments and crystal plasticity finite element modeling. Int. J. Plast 143, 102956 
(2021).

 3. Mánik, T., Holmedal, B. & Hopperstad, O. S. Strain-path change induced transients in flow stress, work hardening and r-values in 
aluminum. Int. J. Plast. 69, 1–20 (2015).

 4. Mamusi, H. et al. A novel experimental approach in determining forming limit diagrams by considering the effect of normal 
pressure. Int. J. Mater. Form. 15(1), 1 (2022).

 5. Yang, Z. et al. Experimental calibration of ductile fracture parameters and forming limit of AA7075-T6 sheet. J. Mater. Process. 
Technol. 291, 117044 (2021).

 6. Petritz, A. et al. Imperceptible energy harvesting device and biomedical sensor based on ultraflexible ferroelectric transducers and 
organic diodes. Nat. Commun. 12(1), 2399 (2021).

 7. Basak, S. & Panda, S. K. Necking and fracture limit analyses of different pre-strained sheet materials in polar effective plastic strain 
locus using Yld 2000–2d yield model. J. Mater. Process. Technol. 267, 289–307 (2019).

 8. Basak, S. & Panda, S. K. Failure strains of anisotropic thin sheet metals: Experimental evaluation and theoretical prediction. Int. 
J. Mech. Sci. 151, 356–374 (2019).

 9. Zhalehfar, F., Hashemi, R. & Hosseinipour, S. J. Experimental and theoretical investigation of strain path change effect on forming 
limit diagram of AA5083. Int. J. Adv. Manuf. Technol. 76(5–8), 1343–1352 (2015).

 10. Habibi, M. et al. Experimental investigation of mechanical properties, formability and forming limit diagrams for tailor-welded 
blanks produced by friction stir welding. J. Manuf. Process. 31, 310–323 (2018).

 11. Habibi, M. et al. Forming limit diagrams by including the M-K model in finite element simulation considering the effect of bend-
ing. Proc. Inst. Mech. Eng. L 232(8), 625–636 (2018).

 12. Habibi, M. et al. Enhancing the mechanical properties and formability of low carbon steel with dual-phase microstructures. J. 
Mater. Eng. Perform. 25(2), 382–389 (2016).

 13. Moayedi, H. et al. Weld orientation effects on the formability of tailor welded thin steel sheets. Thin-Walled Struct. 149, 106669 
(2020).

 14. Alipour, M. et al. Finite element and experimental method for analyzing the effects of martensite morphologies on the formability 
of DP steels. Mech. Based Des. Struct. Mach. 48(5), 525–541 (2020).

 15. Ghazanfari, A. et al. Prediction of FLD for sheet metal by considering through-thickness shear stresses. Mech. Based Des. Struct. 
Mach. 48(6), 755–772 (2020).

 16. Zhao, H. et al. Quasi-static indentation, low-velocity impact, and resonance responses of the laminated double-curved panel 
considering various boundary conditions. Thin-Walled Structures 183, 110360 (2023).

 17. Zheng, W. et al. Prediction of nth-order derivatives for vibration responses of a sandwich shell composed of a magnetorheological 
core and composite face layers. Eng. Anal. Boundary Elem. 146, 170–183 (2023).

 18. Huang, X. et al. Dynamic stability/instability simulation of the rotary size-dependent functionally graded microsystem. Eng. 
Comput. 38(5), 4163–4179 (2022).

 19. Liu, H. et al. A comprehensive mathematical simulation of the composite size-dependent rotary 3D microsystem via two-dimen-
sional generalized differential quadrature method. Eng. Comput. 38(5), 4181–4196 (2022).

 20. Wu, J. & Habibi, M. Dynamic simulation of the ultra-fast-rotating sandwich cantilever disk via finite element and semi-numerical 
methods. Eng. Comput. 38(5), 4127–4143 (2022).

 21. Al-Furjan, M. S. H. et al. Enhancing vibration performance of a spinning smart nanocomposite reinforced microstructure convey-
ing fluid flow. Eng. Comput. https:// doi. org/ 10. 1007/ s00366- 020- 01255-w (2021).

Figure 11.  Schematic of ANFIS layers for two inputs and one outputs.

https://doi.org/10.1007/s00366-020-01255-w


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3115  | https://doi.org/10.1038/s41598-023-28719-5

www.nature.com/scientificreports/

 22. Guo, J. et al. An intelligent computer method for vibration responses of the spinning multi-layer symmetric nanosystem using 
multi-physics modeling. Eng. Comput. 38(5), 4217–4238 (2022).

 23. Liu, H. et al. Amplitude motion and frequency simulation of a composite viscoelastic microsystem within modified couple stress 
elasticity. Eng. Comput. https:// doi. org/ 10. 1007/ s00366- 021- 01316-8 (2021).

 24. Kong, F. et al. On the vibrations of the Electrorheological sandwich disk with composite face sheets considering pre and post-yield 
regions. Thin-Walled Struct. 179, 109631 (2022).

 25. Zhu, L. et al. Predicting the environmental economic dispatch problem for reducing waste nonrenewable materials via an innova-
tive constraint multi-objective Chimp Optimization Algorithm. J. Clean. Prod. 365, 132697 (2022).

 26. Shi, X., Li, J. & Habibi, M. On the statics and dynamics of an electro-thermo-mechanically porous GPLRC nanoshell conveying 
fluid flow. Mech. Based Des. Struct. Mach. 50(6), 2147–2183 (2022).

 27. Wang, Z. et al. Frequency and buckling responses of a high-speed rotating fiber metal laminated cantilevered microdisk. Mech. 
Adv. Mater. Struct. 29(10), 1475–1488 (2022).

 28. Chen, F. et al. Investigation on dynamic stability and aeroelastic characteristics of composite curved pipes with any yawed angle. 
Compos. Struct. 284, 115195 (2022).

 29. Shao, Y. et al. Energy absorption of the strengthened viscoelastic multi-curved composite panel under friction force. Arch. Civil 
Mech. Eng. 21(4), 141 (2021).

 30. Habibi, M., Taghdir, A. & Safarpour, H. Stability analysis of an electrically cylindrical nanoshell reinforced with graphene nano-
platelets. Compos. B Eng. 175, 107125 (2019).

 31. Yamaguchi, K. & Mellor, P. Thickness and grain size dependence of limit strains in sheet metal stretching. Int. J. Mech. Sci. 18(2), 
85–90 (1976).

 32. Wilson, D., Roberts, W. & Rodrigues, P. Effect of grain anisotropy on limit strains in biaxial stretching: Part I. Influence of sheet 
thickness and grain size in weakly textured sheets. Metall. Trans. A 12(9), 1595–1602 (1981).

 33. Ulvan, E. & Koursaris, A. The effect of grain size on the bulk formability and tensile properties of austenitic stainless steel types 
304 and 316. Metall. Trans. A 19(9), 2287–2298 (1988).

 34. Narutani, T. & Takamura, J. Grain-size strengthening in terms of dislocation density measured by resistivity. Acta Metall. Mater. 
39(8), 2037–2049 (1991).

 35. Becker, R. & Panchanadeeswaran, S. Effects of grain interactions on deformation and local texture in polycrystals. Acta Metall. 
Mater. 43(7), 2701–2719 (1995).

 36. Wu, P. et al. Crystal plasticity forming limit diagram analysis of rolled aluminum sheets. Metall. Mater. Trans. A. 29(2), 527–535 
(1998).

 37. Amelirad, O. & Assempour, A. Experimental and crystal plasticity evaluation of grain size effect on formability of austenitic stain-
less steel sheets. J. Manuf. Process. 47, 310–323 (2019).

 38. Amelirad, O. & Assempour, A. Coupled continuum damage mechanics and crystal plasticity model and its application in damage 
evolution in polycrystalline aggregates. Eng. Comput. https:// doi. org/ 10. 1007/ s00366- 021- 01346-2 (2021).

 39. Chung, K. et al. Formability of TWIP (twinning induced plasticity) automotive sheets. Int. J. Plast. 27(1), 52–81 (2011).
 40. Hwang, J.-K. Low formability and reduction of area in twinning-induced plasticity steels despite their excellent tensile elongation. 

Mater. Sci. Eng. A 779, 139123 (2020).
 41. Mishra, S., Narasimhan, K. & Samajdar, I. Deformation twinning in AISI 316L austenitic stainless steel: Role of strain and strain 

path. Mater. Sci. Technol. 23(9), 1118–1126 (2007).
 42. Hong, Y. et al. Strain-induced twins and martensite: Effects on hydrogen embrittlement of selective laser melted (SLM) 316 L 

stainless steel. Corros. Sci. 208, 110669 (2022).
 43. Shen, Y. F. et al. Twinning and martensite in a 304 austenitic stainless steel. Mater. Sci. Eng. A 552, 514–522 (2012).
 44. Moradi, H. et al. Machine learning modeling and DOE-assisted optimization in synthesis of nanosilica particles via Stöber method. 

Adv. Nano Res. 12(4), 387–403 (2022).
 45. Xie, Y. et al. Effects of thickness reduction in cold rolling process on the formability of sheet metals using ANFIS. Sci. Rep. 12(1), 

10434 (2022).
 46. Singh, R., Kainthola, A. & Singh, T. Estimation of elastic constant of rocks using an ANFIS approach. Appl. Soft Comput. 12(1), 

40–45 (2012).
 47. Umrao, R. K. et al. Determination of strength and modulus of elasticity of heterogenous sedimentary rocks: An ANFIS predictive 

technique. Measurement 126, 194–201 (2018).
 48. Lingamdinne, L. P. et al. Functionalized bentonite for removal of Pb(II) and As(V) from surface water: Predicting capability and 

mechanism using artificial neural network. J. Water Process Eng. 51, 103386 (2023).
 49. Vatanpour, V. et al. Highly antifouling polymer-nanoparticle-nanoparticle/polymer hybrid membranes. Sci. Total Environ. 810, 

152228 (2022).
 50. Vatanpour, V. et al. Hyperbranched polyethylenimine functionalized silica/polysulfone nanocomposite membranes for water 

purification. Chemosphere 290, 133363 (2022).
 51. Moradi, H. et al. Experimental and numerical study on diazinon removal using plasma bubble column reactor: Modeling, kinetics, 

mechanisms, and degradation products. J. Environ. Chem. Eng. 10(5), 108291 (2022).
 52. Asgharnejad Lamraski, M. B. et al. Thermodynamic modeling of several alcohol-hydrocarbon binary mixtures at low to moderate 

conditions. J. Mol. Liq. 346, 117924 (2022).
 53. Zhu, H. & Zhao, R. Isolated Ni atoms induced edge stabilities and equilibrium shapes of CVD-prepared hexagonal boron nitride 

on the Ni(111) surface. New J. Chem. 46(36), 17496–17504 (2022).
 54. Deng, H. et al. Microstructure and mechanical properties of dissimilar NiTi/Ti6Al4V joints via back-heating assisted friction stir 

welding. J. Manuf. Process. 64, 379–391 (2021).
 55. Zhang, P. et al. Water jet impact damage mechanism and dynamic penetration energy absorption of 2A12 aluminum alloy. Vacuum 

206, 111532 (2022).
 56. Zhang, P. et al. Effect of aging plus cryogenic treatment on the machinability of 7075 aluminum alloy. Vacuum 208, 111692 (2023).
 57. Zhang, P. et al. Effect of heat treatment process on the micro machinability of 7075 aluminum alloy. Vacuum 207, 111574 (2023).
 58. Yuhua, C. et al. Investigation of welding crack in micro laser welded NiTiNb shape memory alloy and Ti6Al4V alloy dissimilar 

metals joints. Opt. Laser Technol. 91, 197–202 (2017).
 59. Liang, L. et al. Effect of welding thermal treatment on the microstructure and mechanical properties of nickel-based superalloy 

fabricated by selective laser melting. Mater. Sci. Eng. A 819, 141507 (2021).
 60. Liao, D. et al. Probabilistic framework for fatigue life assessment of notched components under size effects. Int. J. Mech. Sci. 181, 

105685 (2020).
 61. Niu, X. et al. Defect tolerant fatigue assessment of AM materials: Size effect and probabilistic prospects. Int. J. Fatigue 160, 106884 

(2022).
 62. Xu, H. et al. Transient thermomechanical analysis of micro cylindrical asperity sliding contact of SnSbCu alloy. Tribol. Int. 167, 

107362 (2022).
 63. Chen, X. et al. The capability of coupled fuzzy logic and adaptive neural network in the formability prediction of steel sheets. Waves 

Random Complex Media https:// doi. org/ 10. 1080/ 17455 030. 2022. 21621 54 (2023).

https://doi.org/10.1007/s00366-021-01316-8
https://doi.org/10.1007/s00366-021-01346-2
https://doi.org/10.1080/17455030.2022.2162154


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3115  | https://doi.org/10.1038/s41598-023-28719-5

www.nature.com/scientificreports/

 64. Lu, Y.-H. et al. Study of using ANFIS to the prediction in the bore-expanding process. Int. J. Adv. Manuf. Technol. 26(5–6), 544–551 
(2005).

 65. Abràmoff, M. D., Magalhães, P. J. & Ram, S. J. Image processing with ImageJ. Biophotonics Int. 11, 36–42 (2004).
 66. Habibi, M. et al. Determination of forming limit diagram using two modified finite element models. Mech. Eng. 48(4), 141–144 

(2017).
 67. Jang, J. R. ANFIS: Adaptive-network-based fuzzy inference system. IEEE Trans. Syst. Man Cybern. 23(3), 665–685 (1993).
 68. Takagi, T. & Sugeno, M. Fuzzy identification of systems and its applications to modeling and control. IEEE Trans. Syst. Man Cybern. 

1, 116–132 (1985).
 69. Xu, S. & Weinmann, K. J. On predicting forming limits using hill’s yield criteria. J. Mater. Eng. Perform. 9(2), 174–182 (2000).
 70. Ghosh, A. K. & Hecker, S. S. Failure in thin sheets stretched over rigid punches. Metall. Trans. A 6(5), 1065–1074 (1975).
 71. Hashemi, R., Mamusi, H. & Masoumi, A. A simulation-based approach to the determination of forming limit diagrams. Proc. Inst. 

Mech. Eng. B 228(12), 1582–1591 (2014).
 72. He, J. et al. M-K analysis of forming limit diagram under stretch-bending. J. Manuf. Sci. Eng. https:// doi. org/ 10. 1115/1. 40245 36 

(2013).
 73. Dilmec, M. et al. Effects of sheet thickness and anisotropy on forming limit curves of AA2024-T4. Int. J. Adv. Manuf. Technol. 

67(9–12), 2689–2700 (2013).
 74. Ghazanfari, A. et al. Investigation on the effective range of the through thickness shear stress on forming limit diagram using a 

modified Marciniak-Kuczynski model. Modares Mech. Eng. 16(1), 137–143 (2016).
 75. Ma, B. et al. Evaluation of the forming limit curve of medium steel plate based on non-constant through-thickness normal stress. 

J. Manuf. Process. 33, 175–183 (2018).
 76. Wilson, D., Mirshams, A. & Roberts, W. An experimental study of the effect of sheet thickness and grain size on limit-strains in 

biaxial stretching. Int. J. Mech. Sci. 25(12), 859–870 (1983).
 77. Ma, B. et al. The effect of the through-thickness normal stress on sheet formability. J. Manuf. Process. 21, 134–140 (2016).

Author contributions
M.Z. developed artificial intelligence model, wrote the respective part of the manuscript, Z.M. supervised the 
project and integrated experimental and modeling sections, M.S. co-supervised the project, performed experi-
mental works and wrote the respective part of the manuscript. M.Z. and MS. prepared the figures. All authors 
reviewed the manuscript.

Funding
This work was supported by Chongqing city Yongchuan District Bureau of science and technology (2021yc-
jckx20015). This work was supported by 2021 Dalian Ocean University Science and technology innovation team 
funding project (c202114), 2020 scientific research fund project of Liaoning Provincial Department of Education 
(ql202017), General project of Liaoning Provincial Department of science and Technology (ljkz0734).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Z.M. or M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1115/1.4024536
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	ANFIS-based forming limit prediction of stainless steel 316 sheet metals
	Experimental setup
	Heat treatment and rolling of sheets. 
	Metallography test. 

	Cold rolling process
	Forming limit measurement. 

	Neuro-fuzzy system in predicting FLD method
	Using ANFIS in determining FLD. 

	Results
	Forming limit results. 
	ANFIS results. 

	Conclusion
	References


