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ABSTRACT  

In this work, the influence of material models used in the FEM simulation on the springback prediction is investigated. The interest 

of this paper is to extend the knowledge base regarding springback predictions in numerical simulation. The springback effect of a 

V-shaped sheet metal part made of TRIP steel, with a thickness of 0.75 mm was investigated. The bending angle was set to 90°.  In 

the numerical simulation, Hill48 and Barlat yield criteria were used in combination with Ludwik's and Swift's hardening models. 

Achieved data from the numerical simulations were compared and evaluated with experimental test results. Also, the effect of 

bending radius, calibration force, and specimen cut direction on the springback was investigated. The experimental results showed 

the relation between springback and calibration force. The effect of specimen cut direction on the springback was smaller in com-

parison with the calibration force. The numerical results of the springback were not identical with the experimentally achieved 

springback values in most cases. Particularly, when a calibration force of 1 800 N was used in the simulation. The simulation results 

showed a good correlation between experimental and numerical results, when Hill48 and Barlat yield criteria were used in combina-

tion with Ludwik hardening law and calibration force F with the value 900 N was applied. 
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INTRODUCTION 
 

High-strength steel has been used by automobile manufacturers 

for almost thirty years now. The main reason for using these 

types of steels is to increase the passive safety of the vehicles 

and to reduce the weight of these vehicles. The reduction of 

weight mainly contributes to higher fuel efficiency.  However, 

high-strength steels have lower formability and greater spring-

back in comparison with conventional steels used for drawing, 

the main reason for that is the higher value of the yield strength 

and lower ductility of these steels (Fig. 1) [1, 2].  

The TRIP steels, or Transformed Induced Plasticity steels, have 

higher values of mechanical properties (yield strength and 

tensile strength) if compared with conventional steels [3]. 

Strain hardening is also greater; therefore they offer a superior 

combination of strength and formability properties which can 

be contributed to the multiphase structure of these steels. The 

main characteristic of TRIP steels is that they modify the 

microstructure during the plastic deformation process as part of 

the austenite transformation to martensite, with the following 

change of the material properties. One of the main issues of 

TRIP steels is strong elastic recovery, also known as spring-

back, which occurs after forming. [4, 5].  

The bending process is one of the most utilized manufacturing 

technologies and it represents plastic deformation of the 

material which occurs when the bending moment is applied. 

Accurate bending of the steel sheets requires at the design stage 

of the manufacturing process to consider mechanical and other 

properties of the sheet material, i.e., elasticity modulus, yield 

stress, ratio of yield stress to ultimate tensile stress, and micro-

structure of the material [6]. The non-uniform strain state at the 

section of material that was exposed to bending moment leads 

to the creation of residual stress after external load removal. 

The residual stress produces springback which is developed by 

involuntary changes in the shape of the part after the forming.  

The springback can be measured or expressed as springback 

coefficient or as springback angle [1]. A general countermeas-

ure against springback is to design forming tools that expect 

springback compensation, but the compensation amount is a 

difficult matter even for experienced tool designers and manu-

facturing practice is still largely based on trial and error. Also, 

it is problematic to use the same forming tool for the forming 

of different types of materials. The reason for that lays in the 

different values of mechanical and plastic properties. Specific 

tolerances have to be made in die design so that the final 

stamping will fulfill the engineer's objective for both appear-

ance and ease of assembly. Other countermeasures against 

springback include for example stiffening of stampings (use of 

beads or embossing), crash forming with pressure pad, or use 

of variable blank holder force, etc. [7, 8]. Lawanwong et al. [9] 

proposed a novel technology called “double-action bending” to 

eliminate the springback of the stamped part made of advanced 

high-strength steel. They used FE analysis to determine process 

and tool parameters before the experiment try-out. Also in the 

industries which produce stampings, such as the automotive 

industry, accurate predictions of forming process, including 

stress-strain distribution, springback and thickness are neces-

sary [10]. Today it is feasible to use finite element analysis for 

a more accurate prediction of the springback effect [11, 12]. 

The finite element analysis (FEA) is a modern tool that can 

help to achieve more accurate springback predictions [13, 14]. 

Several authors conducted experiments and simulations 
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regarding springback investigation. Mulidrán et al. [15] con-

ducted numerical simulations regarding the springback predic-

tion of aluminum alloy A-pillar. They used various combina-

tions of yield criteria and hardening laws to predict the spring-

back of the part. Neto, D et al. [16] work was focused on the 

wrinkling and springback prediction. Their research was 

mainly focused on the influence of applied boundary condi-

tions in simulation. Also, they compared wrinkling tendency 

between mild-steel DC06 and dual-phase steel DP600. Slota et 

al. [17] research was focused on the investigation of technolog-

ical parameters, blank holding force, and friction and their 

impact on springback in U bending with stretching process. 

They also used numerical simulation to predict springback. 

They used the Hill‘48 yield criterion in the combination with 

the hardening curve defined by Hollomon. Seo et al.’s [18] 

work was focused on the evaluation of the effects of constitu-

tive equations on the springback prediction accuracy. They 

used two yield functions, Hill48 and Yld2000, in combination 

with the Yoshida–Uemori hardening model in the FEM simula-

tion to predict the springback effect on the U-bend part and 

drawn T-shape part. Both parts were made of TRIP steel. Baara 

et al. [19] worked on the new constitutive hardening material 

model which can achieve more accurate springback predic-

tions. The main objective of their work was to extend the 

Chord model to be able to reproduce the strain recovery point 

with non-zero residual stress, enabling a more accurate deter-

mination of springback. Cui et al. [20] proposed a new stamp-

ing method for forming the L-shaped part. They call this 

method electromagnetic-assisted stamping (EMAS). They used 

a magnetic force to control the springback phenomenon. The 

results showed that as discharge voltage increases, the bent 

angle after springback decreases. Mulidrán et al. [21] per-

formed bending experiments and simulations of deep-drawing 

quality steel. Their work was aimed to study the accuracy of 

springback prediction.  The previously mentioned works were 

not aimed to study the effects of material models on the 

springback prediction of V-shaped parts made of TRIP steel. 

Additionally, the influence of material models on the spring-

back prediction under different process conditions was evaluat-

ed to expand the current state of knowledge. 

In this study, springback prediction results of the V-shaped part 

made of hot-dip galvanized TRIP steel RAK 40/70, with a 

thickness of 0.75 mm were compared with experimental test 

results. This steel is part of high strength steel group and was 

chosen for this study, because of its higher yield strength value 

in comparison with conventional steels. Also, high-strength 

steels are not included in the standard STN 22 7340:1990-11: 

Stamping dies. Bending dies. General requirements for calcula-

tion and design. This can cause problems for tool designer 

when high strength steels are used as material for form-

ing/bending. The springback prediction has been conducted 

with the use of FEA, in the environment of the forming simula-

tion software Autoform. In the FE analysis of forming steel 

sheets, it is important to input correct process, geometrical, 

numerical, and material parameters (Fig. 2). In this work, two 

types of yield surface models: The Hill48 model and Barlat 

model in combination with two hardening models: Swift model 

and Ludwik model were used for springback prediction using 

CAE software. Also, effects of bending radius R [mm], calibra-

tion force F [N], and specimen cut direction [°] on the spring-

back was evaluated. This work aimed to evaluate the impact of 

previously mentioned parameters on the stampings´ springback 

and to examine the influence of the used material models in the 

numerical simulation. 

 

 
Fig. 1 Stress-Strain curve describing the impact of yield 

strength on elastic deformation 

 

 
Fig. 2 Variables influencing springback prediction 

 

MATERIAL AND METHODS 
 
Experimental procedure 

The experimental testing was conducted in the Laboratory of 

Testing Mechanical Properties, which is part of the Institute of 

Technology and Material Engineering. The material properties 

of the hot-dip galvanized TRIP steel RAK 40/70 are presented 

in Table 1. Testing of material properties was done according 

to the standards STN EN ISO 6892-1:2019 Metallic materials - 

Tensile testing - Part 1: Method of test at room temperature, 

STN EN ISO 10113: 2020 Metallic materials - Sheet and strip - 

Determination of plastic strain ratio, and STN EN ISO 10275: 

2020 Metallic materials - Sheet and strip - Determination of 

tensile strain hardening exponent. These tests were performed 

on the material test machine TIRAtest 2300. This test machine 

is equipped with a tensometer, longitudinal extensometer, and 

also with a sensor that is used for measuring the width of the 

tensile test specimen during testing. Tensile test specimens 

were prepared according to STN EN ISO 6892-1:2019standard.  

The bending experiments were conducted on hydraulic press 

ZD-40. This device also consists of a tensometer which was 

used to measure applied force. The Control unit of ZD-40 

collected force data, which were then transferred to PC and 

later processed in Excel.  Fig. 3 shows a bending tool (left) tool 

scheme with dimensions (right) for the experimental testing.  

The bending angle, angle of working surfaces of a bending tool 

was 90 degrees. Two punches with different bending radiuses 

R (R1= 1 mm, R2= 3 mm) were used in testing. The blank used 
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for bending had a rectangular shape with dimensions of 90 mm 

x 40 mm. These specimens were cut 0° and 90° to the rolling 

direction. The thickness of the blank was 0.75 mm. Blanks 

were prepared using hydraulic shears LVD CS6/31. Three 

variables, which affect springback were experimentally tested 

and evaluated: 

 bending radius R [mm], 

 calibration force F [N], 

 specimen cut direction [°]. 

The calibration force values were determined during experi-

mental testing. The lowest value of 460 N represents bending 

without calibration. The second value was approximately 2 

times the bending force value. The third value of the calibra-

tion force 1800 N (app. 4 times the bending force) was chosen. 

For each variable, five specimens were used in the testing. The 

impacts of these three variables on the springback are evaluat-

ed in the Results and discussion section. 

 

 
Fig. 3 Experimental tool used for bending (left), tool scheme 

with dimensions (right) 

 

The springback measurement consisted of measuring arm 

opening angle ß [°] as shown in Fig. 4. The stamping image 

after bending was imported into AutoCAD and the angle 

between arms was measured. 

 
Fig. 4 Measurement of springback angle – arm opening angle ß 

 

Simulation procedure 

The numerical simulations of bending TRIP steel sheets were 

conducted in CAE forming software Autoform R3 which uses 

a special implicit method and adaptive mesh algorithms. Tool 

geometry is an important factor in sheet metal forming. Thus it 

is also important to correctly model forming tools which are 

then used in CAE software. Imported CAD model of experi-

mental tool, which was used in numerical simulation, is 

pictured in Fig. 5. 

The Geometry, dimensions of the CAD model of the tool were 

the same as in the experimental bending tool. After importing 

the CAD model into the CAE environment, the tool surfaces 

needed for simulation were meshed with triangular shell 

elements. The tools were modeled as rigid bodies. The accura-

cy of the numerical simulation was set to fine. With this 

setting, the program automatically generates mesh parameters 

for blank. Blank also consisted of triangular elements. The 

Initial element size of the shell element was set to 3 mm with a 

maximal refinement level of 2. Radius penetration was set to 

0.16; a number of integration points was set by software to 11. 

The maximum time step was set to 0.5 s and the coefficient of 

friction value was set to 0.27. This value was selected because 

of the higher friction which occurs between zinc plated steel 

and tool steel (with no lubrication) compared to friction pair 

steel-steel [22]. 

 

 

Table 1 Mechanical properties of RAK 40/70 TRIP steel 

 

Direc-

tion 

[°] 

Yield strength 

σy  

[MPa] 

Tensile 

strength 

σu 

 [MPa] 

Young´s modulus 

E 

[GPa] 

Uniform 

elongation 

A80 

[%] 

Strain 

harden-

ing 

exponent 

n 

[-] 

Coeffi-

cient of 

normal 

anisotro-

py 

r 

[-] 

Planar 

anisotro-

py 

coeffi-

cient 

Δr 

[-] 

Pois-

son´s 

ratio 

V 

 

[-] 

 

0 441 766 210 27.9 0.293 0.680 

-0,002 

0,3 

45 442 762 210 25.4 0.294 0.805 0.3 

90 445 766 210 25.9 0.278 0.926 0.3 

 

 
Fig. 5 CAD model of the bending tool used in the simulation 

 

To study the effect of various configurations of constitutive 

models on the springback results in the FEM simulation Hill48 

and Barlat89 yield criteria were used in combination with 

Ludwik and Swift hardening models in the numerical simula-

tions. In this work, two isotropic hardening rules and two 

combined hardening rules were tested in numerical simula-

tions. Isotropic hardening rules are defined as: 

 

 Ludwik 

σ = K ∙ φn (1.) 

 Swift  

σ = K ∙ (φ0 + φpl)
n
 (2.) 

where σ is the true stress, K is the strength coefficient, n is the 

strain hardening exponent, φ0 is the pre-strain and φpl is the 

plastic strain. Material model constants used in both hardening 

rules are shown in Table 2. 

 

Table 2 Material constants used for definition of hardening 

rules 
Model K [MPa] φ0 [-] n [-] 

Ludwik 1 330 - 0.290 

Swift 1 300 0.00832 0.277 

 

Hill yield criterion was introduced in 1948 [23, 24]. Hill 

proposed an anisotropic yield criterion which includes three 
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orthogonal symmetry planes, which is described by the follow-

ing quadratic function:  
 

2𝑓(𝜎) = (𝐺 + 𝐻)𝜎𝑥𝑥
2 + (𝐹 + 𝐻)𝜎𝑦𝑦

2 − 2𝐻𝜎𝑥𝑥𝜎𝑦𝑦 + 2𝑁𝜎𝑥𝑦
2  (3.) 

ere σxx, σyy, and σzz are stresses in the RD (x), TD (y), and 

thickness (z) directions, respectively; σxy, σyz, and σzx are the 

shear stresses in xy, yz, and zx directions. Parameters F, G, H, 

and N are material parameters that describe the anisotropy of 

the material. If F = G = H = 1 and N = 3, the Hill48 function is 

reduced to the von Mises criterion, or as it is called in FEM 

code, the Hill48 isotropic criterion. A more common descrip-

tion is based on normal anisotropy in the 0°, 45°, and 90° 

directions to the rolling direction. Then the material parameters 

F, G, H, and N can be described by: 

𝐹 =
𝑟0

𝑟90(𝑟0 + 1)
, 𝐺 =

1

𝑟0 + 1
, 𝐻 =

𝑟0

𝑟0 + 1
, 

 

𝑁 =
(𝑟0+𝑟90)(1+2𝑟45)

2𝑟90(1+𝑟0)
  

(4.) 

The second yield criterion used in numerical simulations was 

the Barlat yield criterion. The Barlat89 model needs three 

parameters for its complete formulation by which it is possible 

to describe the plane stress behavior. The formulation is the 

following [25]: 
 

𝑓 = 𝑎|𝑘1 + 𝑘2|𝑀 + 𝑎|𝑘1 − 𝑘2|𝑀 + (2 − 𝑎)|2𝑘2|𝑀 = 2𝜎𝑒
𝑀 (5.) 

where M is the exponent related to the crystallographic struc-

ture of the material σe is the initial yield stress, k1 and k2 can be 

described as: 

𝑘1 =
𝜎𝑥 + ℎ𝜎𝑦

2
, 𝑘2 = [(

𝜎𝑥 − ℎ𝜎𝑦

2
) + 𝑝2𝜏𝑥𝑦

2 ]

1/2

 (6.) 

where a, h, and p are the material model parameters identified 

by:  

𝑎 =
2 (

𝜎𝑒

𝜏𝑠2
)

𝑀

− 2 (1 +
𝜎𝑒

𝜎90
)

𝑀

1 + (
𝜎𝑒

𝜎90
)

𝑀

− (1 +
𝜎𝑒

𝜎90
)

𝑀 , ℎ =
𝜎𝑒

𝜎90

,  

𝑝 =
𝜎𝑒

𝜏𝑠1
(

2

2𝑎+2𝑀(2−𝑎)
)

1

𝑀  

(7.) 

where τs1 and τs2 are yield stresses for two different types of 

shear tests: σ12 = τs1 for σ11 = σ22 = 0 and σ12 = 0 for σ22 = −σ11 

= τs2. The identification procedure based on the coefficients r0 

and r90 can be also used for the identification of parameters a 

and h: 

𝑎 = 2 − 2√
𝑟0

1+𝑟0
∙

𝑟90

1+𝑟90
, ℎ = √

𝑟0

1+𝑟0
∙

1+𝑟90

𝑟90
  (8.) 

The coefficient p has to be calculated by a numerical proce-

dure, by solving the non-linear equation or by using Equation 

(5.) instead. In our case, the coefficient p was achieved by 

solving the non-linear equation. 

 

RESULTS AND DISCUSSION 
 

In this section, experimental results and simulation results are 

presented and evaluated. Experimental results of measured 

springback – Arm opening angle ß after the bending process 

are shown in Fig. 6. Given the results, it can be assumed, that 

calibration force has a significant impact on the springback. 

Specimen cut direction also has an impact on the springback 

effect. The blanks that were cut 90° to rolling direction exhibit-

ed greater springback after bending than the blanks which were 

cut 0° to the rolling direction when radius R= 3 mm was used. 

The greater springback was measured for the sheets that were 

cut 0° to the rolling direction in most cases when radius R= 1 

mm was tested. The assumption is that the lower value of the 

strain hardening component for the blanks cut 90° to rolling 

direction reduces the stress in the part, which has a positive 

impact on the springback reduction. Additionally, it can be 

assumed that a higher calibration force reduces springback 

after bending. This assumption corresponds with the numerical 

results. The higher strain in the bending area is a possible 

reason for this occurrence – springback reduction. The influ-

ence of bending radius on the springback results is mainly 

visible for the bending force of 1 830 N. The value of bending 

radius has an effect on the strain in the bending region. Thus, a 

smaller radius should provide a higher plastic strain rate in the 

bending region of the part, which has a positive impact on the 

springback reduction. The ratio of the total deformation at a 

given location to the elastic deformation is smaller and thus the 

springback effect is reduced. 

Besides, the effects of the used yield criterion and hardening 

law on springback prediction were investigated. Springback 

results achieved using different yield criteria and hardening 

laws were compared with the test results and pictured in Fig. 7a 

and Fig 7b. From the given springback prediction results, it can 

be assumed, that if the higher value of calibration force is used, 

the lower angle ß will be measured after bending, this assump-

tion corresponds with experimental test results. The use of 

different combinations of material models, yield criteria, and 

hardening laws showed different springback predictions, 

different values of arm opening angle ß. Swift’s hardening law 

in combination with both yield criteria predicted higher values 

of springback after bending. Better correlation with experi-

mental results showed the combination of Hill and Barlat yield 

criteria with Ludwik hardening law, but the predicted values of 

springback were not identical with the experimentally achieved 

springback values in most cases. The effect of radius on 

springback in numerical models is similar to the effect of 

radius in the experiments but less pronounced. The lower value 

of bending radius R=1 mm shows lower springback values 

compared to the higher radius value R= 3 mm.  

 

   
Fig. 6 Comparison of measured Arm opening angle ß [°] for 

both tested punch radiuses R1 and R3 used in the experiment 
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Fig. 7a Comparison of predicted Arm opening angle ß for 

punch radius R=1 mm 

 

 
Fig. 7b Comparison of predicted Arm opening angle ß for 

punch radius R=3 mm 

 

CONCLUSION 

 

In this study, the effects of various material models in the 

numerical simulation on the springback prediction of TRIP 

steel were evaluated. The results obtained with the use of FEA, 

numerical simulations were compared with experimental ones. 

The experimental results showed the effect of direction in 

which sheet metal sampling was cut, bending radius and 

calibration force on the springback of bent TRIP steel sheet. In 

the numerical simulations, a combination of different yield 

criteria and hardening laws was tested and their impact on 

springback prediction was evaluated. The results showed that 

the best correlation between experimental and numerical 

results, when Hill48 and Barlat yield criteria were used in 

combination with Ludwik hardening law and calibration force 

F with the value 900 N was used. The predicted values were 

not the same as the experimentally achieved ones in most 

cases. The main reason for it can be attributed to different 

stress, strain values, and strain paths which depend on the 

material model and its inputs, which can significantly influence 

the springback predictions. Based on the experimental and 

numerical results, the following outputs can be stated: 

 Calibration force has a significant impact on the 

springback which occurs after the forming process and 

it can be used as an effective tool for springback reduc-

tion. 

 Specimen cut direction and bending radius affect the 

springback, but they have less impact on the springback 

compared to the calibration force. 

 Hill48 and Barlat yield criteria used in combination 

with Ludwik hardening law showed correlation with 

experimental results. 

 Swift hardening law in combination with both yield 

criteria predicted higher values of the springback in 

most cases. 

 All of the springback predictions underestimated 

springback when the value of punch radius was 1 mm 

and the highest value of calibration force was used. 

 The springback predictions were more accurate when 

the value of the punch radius R = 3 mm was used com-

pared to the value of the punch radius R = 1 mm. 
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