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ABSTRACT 

JIS 3302 grade steel sheet metal is wide area of usage in various industry and bending 

processes. One of the most significant design criteria of bending methods for steel sheet metal 

is springback, which can be basically defined as elastic recovery of the material during 

unloading. So, the springback effect on the sheet metal must be taken into consideration in the 

bending process. Also, the amount of springback should be identified in order to produce bent 

sheet metal material within tolerable acceptance limits. However, the importance of 

springback effect analysis on JIS 3302 grade steel sheet material to overcome this problem, 

heat treatment is applied to the specimen material to improve tensile properties. Basically, heat 

treatments have significant effect on the mechanical properties of steel. In this study, the effect 

of various heat treatments on springback characteristics of JIS 3302 grade steel sheet metal 

studied by using experimental and finite element analysis. Also, the influence of directional 

rolling angle on the springback should be known to produce the acceptable product during the 

bending process. For this purpose, three different rolling directions are selected. In this 

research, an experimental and FE simulation study has carried out on V-bending die  (90
0
), 

with the dimensions of specimen 150x40x2mm and ASTM standard for tensile testing 

respectively. Microstructure, microhardness values and comparison of the Finite element (FE) 

simulation and experimental results are given. The output showed that, before heat treatment 

workpiece has the highest value of load and maximum value of springback. Whereas the 

annealed work piece has the lowest load and lowest springback value. Also, the experimental 

method agreed with the FE simulation results by maximum 1% differences.  The influence of 

heat treatments on springback was discussed in detail 

Keywords: Springback; Finite element; Sheet metal forming; Heat treatment; V-die bending 

;JIS 3302 grade steel ; Annealing; Normalizing 
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CHAPTER ONE 

INTRODUCTION 

1.1 PROJECT BACKGROUND 

Plastic deformation is concerning about sheet metal forming method which has huge 

applications in various industries. Their main attribute is high efficiency, repeatability and 

economy; simultaneously keeping the proper surface condition in mass production 

(Swiatoniowski and Bałon, 2012). The most frequently used techniques for sheet metal 

forming are bending, stretching and stamping (Abdulaziz, 2013). Bending is one of the most 

commonly used methods beyond the sheet metal forming process. The common product 

obtained with the aid of bending were; automobile panels, supermarket shelves, automotive 

component, aerospace vehicles, pressure vessels, medical equipment, electrical component, 

drums and housing utensils (Zulkafli, 2012).  

Bending operation is commonly used for sheet metal forming because the method is simple 

and last sheet product with desired shape and appearance can be rapidly and easily produced. 

In bending operation, plastic deformation is followed by some elastic recovery, by removing 

the load to the finite modulus of elasticity on a given materials. When the forming forces are 

removed, the metal tries to coming back to its original shape and results in a phenomenon 

named “springback” (Chou and Hung, 1999). This is due to the elastic deflection that occurs 

in the material after the bending process takes place (Wan-Nawang et al., 2015). The 

Springback phenomenon introduces the important changes in the final shape of a part and 

thus increase manufacturing costs (Mrad,et.al., 2013). Main factors that changes the 

springback effect are sheet thickness, material properties and tool geometry (Manjunathan, et 

al., 2017). (Sanjay Kumer Patel, 2013) studied springback analysis in sheet metal forming. 

The main aim of the study was to investigate the effect of the thickness in springback ratio. 

Then finally concluded that, the Springback ratio increases with increasing thickness. 

Springback is enormous problem among the sheet metal forming process. It is the elastically 

driven change of shape concerning a metal sheet during unloading and following forming 

(Soualem, 2014) and (Wagoner, et al., 2013).  
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This project has dealt with experimental and FE evaluation on springback of JIS 3302 grade 

steel sheet metal of 2mm thickness. This sheet metal has a wide applications and economic 

considerations in the many the sectors. To analyze Springback effect V-bending test was 

done on press brake machine at different parameters. The parameters that considered for this 

project were heating conditions and different sheet rolling directions. 

1.2 STATEMENT OF THE PROBLEM 

Metal bending is the most common process to change the shape of material by deforming. 

Although this method is simple but it has a main problem which is springback. It can be 

described as the extra deformation of sheet metal material after the loading is removed, which 

can lead to production of unacceptable products with wrinkle, tear, poor dimension precision, 

and so on. Due to this; many researchers were investigated on the parameters that influence 

springback of sheet metal forming process. From these parameters, material properties are 

very important to predict the springback performance in sheet metal bending process. Due to 

material properties, springback of the sheet metal forming at room temperature is increase 

and the formability of the sheet metal is decrease. However, the significance of heat treating 

to change material properties for minimizing springback effect on JIS 3302 grade steel sheet 

material during bending process expected to be imminent for improving the above mentioned 

limitation. 

1.3 OBJECTIVE 

1.3.1 General Objective 

The goal of this work is to investigate experimentally and numerically springback effect of 

JIS 3302 grade steel sheet material under various heating condition. 

1.3.2 Specific Objectives 

 To analyze the springback effect experimentally. 

 To evaluate the mechanical properties of JIS 3302 grade steel sheet material under 

two different heating conditions in 3 different directional rolling angle. 

 To simulate the springback analysis by using finite element software (ABAQUS). 

 To validate experimental results with simulation results. 
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1.4 SCOPE OF THE STUDY 

In order to accomplish this research, flow of project has focused concerning some of scope of 

works to achieve objective regarding the research. Basically, the thesis scope is limited to: 

 To Conduct the literature review for overview concerning previous works   

 To Conduct the tensile test  experiment  that  determines  the  mechanical  properties  

of JIS 3302 grade steel 

 To Conduct V-Bending experiment and FE simulation in order to determine the 

springback effect.  

 To Compare FE results with experiment results for reliability evaluation of FE 

1.5 SIGNIFICANCE OF THE RESEARCH 

The analysis concerning selected materials is used to predict the parameters that influence 

bending properties, which formed due to elastic recovery during unloading. This study was 

focused on springback analysis of JIS 3302 grade steel at two different heat treating 

conditions. It‟s significant is for the industry that using JIS 3302 grade steel sheet to 

minimize the trial and error and also to minimize time and cost required for the bending 

process. In other hand, it is used with minimum modification in other types of research. 

1.6 LIMITATION OF THE STUDY 

The constraint those faces the researcher during conducting this work are: lack of machine and 

uncomfortable working workshop. 

1.7 THESIS ORGANIZATION 

This thesis is organized in 5 chapters:    

Chapter 1 has provided clearly about summary of the entire project consist of introduction, 

problem statement, objectives, scope of the works and organization of the thesis.    

Chapter 2 has presented the literature review based on journals that have related to this 

project. The background of the system including the specimen preparation, material 

properties, parameter, tensile test, bending test, finite element method and measuring of 

springback from the previous journals was presented.    

Chapter 3 has discussed of methodology and materials that use in this project based on 

chapter 2. It contains a flow chart of this thesis, such as tensile test experiment to define the 
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material properties, FE method to predicting the angle of springback and v- die bending 

method as comparison for validity of FE in predicting springback angle.    

Chapter 4 has discussed the results of tensile test, finite element method and v-bending 

experiment. The result from FE method was compared with v-bending result in term of 

springback angle.     

Chapter 5 has concluded this study and has answered the objective have been listed first. Also 

those, the output from this investigation are listed. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

A great deal concerning research has been performed in order to decrease springback, which 

would optimize the sheet forming process with the aid of decreasing geometrical or material 

variables in the formed part. Finite element technique has performed on sheet metal bending 

springback analysis to obtain accurate results. This chapter provided a literature review 

concerning previous research on springback and it to be a guideline to run this project. This 

chapter had discussed about concept of springback: types of bending, V-bending, FE method, 

and tensile test, heating conditions, and material properties that affects springback.  

2.2 SHEET METAL FORMING 

As a fundamental and traditional metal working process in manufacturing, the sheet metal 

forming has broadly existence employed in almost all industries. Some common sheet metal 

forming techniques used to manufacture required sheet metal product such as cutting off, 

blanking and punching, bending, deep drawing, hydro-forming, spinning, flow turning, 

piercing, stretching, stamping or draw die forming, coining and ironing and etc. (Gupta and 

Payal, 2002). Bending method is one of the most vital manufacturing processes in sheet metal 

prototyping, along with bending sequences and selection of bending perimeters as 

fundamental steps along with the process (Garcia-Romeua et al., 2007).This process in which 

force is applied to a piece of sheet metal to modify its geometry instead of removing any 

material. The sheet can be bent into a variety of complex shapes. The preference of forming 

operation depending on the desired size, configuration, and production quantities of a part.  

In sheet metal forming industry sheet bending process, springback has a big role. In this 

process, the dimensional precision is a primary concern, due to the considerable elastic 

recovery during unloading which leads to springback. Also, at different conditions, that is 

possible for the ultimate bent angle according to stay smaller than the original angle. Such 

bend angle referred to a spring-go or spring-forward (Zulkafli, 2012). The amount of 

springback or spring-go was affected by many process parameters, like tool shape, 
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dimension, contact friction condition, material properties, sheet anisotropy, and sheet 

thickness (Ramlan, 2012). Typical examples of sheet-metal bends are illustrated in Figure 2.1 

 

Figure2. 1Typical example of sheet metal bend parts (Sarikay, 2008) 

2.2.1 Material properties that affect sheet metals formability 

Annamalai, (2013) presented, about the different mechanical properties that influence on 

overall operation of forming procedures such as ductility, yield strength, elastic modulus, 

discontinuously yielding, work hardening rate and anisotropy or directionality. 

a) Ductility: Metal used in the sheet metal forming must be ductile. If we use a brittle metal, 

it can simply undergo failure during forming. That is why metal‟s ductility is very essential in 

sheet metal working.   

b) Yield strength: Yield strength of a material used in sheet metal forming must be low. High 

strength metals have reduced stretch distribution characteristic, making them fewer 

stretchable and drawable than minor strength metals. Stretch distribution characteristic is 

determining the steel‟s capability to distribute stretch over a large surface area.   

c) Elastic modulus: Stretch distribution effects is not only stretch ability, but also elastic 

recovery, or spring back, and the metal‟s total elongation.   

d) Discontinuously Yielding:  Low carbon show a discontinuous yielding accompanied with 

the formation of Lǖder bands, which reduces the surface quality of the product. In order to 

remove the discontinuous yield point a temper rolling (rolling where a few percent of 

reduction is applied) can be applied.   

e) Work Hardening Rate: Work hardening rate is a very essential in sheet metal forming 

parameters. When increases material‟s resistance to necking also increase. The work 
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hardening is the mechanism, which prevents local yielding and increase the uniform 

elongation.   

f) Anisotropy (Directionality): Anisotropy is additional factor that affects formability. Once 

consequence of directionality is a change in mechanical properties with direction. When 

forming sheet metal, practical consequences of directionality contain such phenomena as 

extra wrinkling, puckering, wear formation, local thinning, or real rupture.   

2.3 CONCEPT OF SHEET METAL BENDING 

Sheet metal bending plays a very significant in the manufacturing industry (Akinlabi et al., 

2013). The bending and forming concern to sheet metal was an essential process in 

manufacturing industry to produce parts related to automobiles, aircraft, casings for 

electronic parts, housings, cabinets etc. Bending is the manufacturing process where sheet 

metal is plastically deformed to change its shape without removing any chips around a 

definite axis through or without heat. It is the process of placing a sheet of metal over the 

matrix on the press bed where the sheet is bent around the tip of the punch as it enters the die 

(Balaji et al., 2014). Bending is occurring from stressing a workpiece within a localized area, 

and such results within non-uniform deformation (contradiction and elongation) within the 

cross-sectional area of bending. Because about this in homogeneities, analyses regarding 

stress strain distributions are of utmost significance when evaluating bending conditions. To 

produce a bend in the completed part, applied bending force must exceed the yield strength of 

the material to ensure the material retains a permanent set or bend when the load is removed 

(Buang et al., 2015). Manjunathan et al., (2017) presented about sheet metal bending elastic 

recovery during angle and bend curvature and affect the geometric changes of the final 

product.  

The main factors that influence the springback effect were sheet thickness, material 

properties, tool geometry, and ratio of die radius to sheet thickness, blank holder force and 

coefficient of friction. Additionally, (Esther et al. 2013) done on the bending operation and 

described a springback causes geometrical inaccuracies of bent parts. To control springback, 

numerous factors such as bending parameters and material properties need to be considered. 

The geometrical accuracy of a bent part was important in determining the quality of the 

component. Analysis of the process about sheet metal bending displays known as springback.  
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According to Simões, (2012), the springback was measured as the difference between the 

final shape of the part and the shape of the forming dies which defines the part‟s shape at the 

end of the forming stage. Figure 2.2 shows an example of the different final shapes obtained 

after a deep drawing process, done with the same tools and process conditions, using two 

blanks with different material properties, to better understand the importance of this 

phenomenon. This phenomenon plays an important role in process design, because wrong 

part dimensions is a problem to the assembly process, increasing the amount of scrape and, 

consequently, the part‟s cost.  

 

Figure2. 2: Example of springback (Simões, 2012) 

Krinninger (2016) investigated the influence of punch velocity on the springback behavior 

and the flat length in free bending to improve the predictability of the springback. In a free 

bending method, a tool with an integrated optical measuring system used to determine the 

influences of bending angles, radii, component widths and orientations of the bending axis to 

the rolling direction on the sheet. The quasi-static parameter variation was extended with 

different punch velocities to investigate its influence on the bending process, the springback 

and the flat length. Figure2.3 shows the stage of sheet metal bending. 
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Figure2. 3: Illustration of stages in bending by V-dies (Aljoša,  2013) 

2.4 TYPES OF BENDING 

 There are several types of bending that commonly used in the industries such namely Air 

bending, V- bending, and U-bending.  

2.4.1 Air Bending 

Air bending is a flexible bending method in which different materials of different thicknesses 

can be bent in varying bend angles using the same tool set (Šarić et al.,  2016). As the 

definition of springback, when the punch is released, the specimen springback is a little and 

ends up with less bend than that on the punch (greater included angle). Figure 2.4 showed the 

air bending method during loading and after unloading. Air bending is used mainly to 

straighten workpieces (Sarikay, 2008) 
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Figure2. 4: Air bending process during loading (a) and after unloading (b) (Buang, 2015) 

2.4.2 V-bending 

The V-die bending method is the bending of a V-shaped part in a single die. The specimen is 

bent between a V-shaped punch and die. The force acting over the punch causes punch 

displacement and then the specimen is bent. The specimen is initially bent as an elastic 

deformation. With continued downward motion by the punch, plastic deformation sets in 

when the stresses exceed the elastic limit. This plastic deformation starts on the outer and 

inner surfaces directly below the punch. V-die bending and is illustrated in Figure 2.5. 

 

Figure2. 5: V-die bending (Sarikay, 2008) 
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2.4.3 U- bending 

U – Bending is achieved when two parallel bending axes are bent in the equal operation as 

shown on Figure 2.6. Generally U – bending process had divided into two steps, loading and 

unloading. In the loading step, the punch will completely move beneath and the metal is 

being bent among the die. During this step, the specimen undergoes elastoplastic deformation 

and temperature rise under frictional resistance. For the second step which is unloading step, 

the deformed sheet metal is ejected beside the tool set and metal was experiencing the 

residual stress release and the temperature drop to reach a thermo-mechanical equilibrium 

state (Ramlan 2012). Adibi et al., (2010) studied springback analysis of sheet metal laminates 

after u-bending. Based on both theoretical and experimental investigations, the springback 

behavior of sheet metal laminates is strongly affected by the strength difference between the 

component layers of the laminates, the relative position of the layers, and the layer-thickness 

ratio, as well as by the stretching force acting on the laminates. 

 

Figure2. 6: U-die bending process (Sarikay, 2008) 

2.5 SPRINGBACK IN V – BENDING 

There were many researchers investigated and attempted to acquire a basic understanding of 

springback behavior. Among them, a few authors presented the work which was concerned 

along the springback analysis through using different methods, certain as much experimental 

method, numerical method, analytical method and finite element method (FEM), applied to 

know the sheet metal springback during V bending.  



12 
 

The major problem in sheet metal bending process is springback. It is the amount of elastic 

tolerance, which presents in all materials (Bhav et al., 2016). Kadkhodayan & Zafarparandeh, 

(2009) explained springback of sheet metal parts after removing the load as shown on Figure 

2.7. Prediction of springback angle helped in determining the amount of over-bend (i.e. 

springback compensation) required so that exact V bend angle can be obtained in the 

component. During V-die bending, the punch slides down, contact with the unsupported sheet 

metal.  By progressing farther, it forces the material to follow along, until finally bottoming 

on the V shape of the die (Bhav et al., 2016).  

Dametew, (2016) presented sheet metal components produced in different size and accuracy 

using various sheet metal forming processes. In his research, the authors concluded that, in 

sheet metal forming process, a major factor preventing accurate final product dimensions was 

springback. Mustafa, (2017) also studied the bending process on the AISI304 sheet metals at 

different thicknesses and different punch type radii by using air V-bending technique. The 

common aim was to find out the parameters that affect springback and spring-go values in the 

bending. In his study, after the bending, the amount of springback in the sheet metals were 

examined. Finally, the Authors concluded that, as thickness of the sheet metal increased, the 

value of springback decreased; whereas, the values of springback increased in the increasing 

punch tip radii. In sheet metal forming process, springback was increased with increase of 

yield stress, also the increase in elastic modulus and in strain hardening exponent leads to a 

decrease in springback (Ouakdi et al., 2012). 

Ramulu et al.,(2016) studied springback analysis on AA 6061 Aluminum alloy sheets with 

seven different rolling directions of sheet with the combination of U and V die shape. In 

order to make bending at a desired angle the process parameters considered were different 

load, displacement, and die angle. Finally, concluded that, the effect of roll direction on 

springback effects are very sharp and prominent as shown on Figure 2.8. 



13 
 

 

Figure2. 7: Illustration of V-die bending springback (Mustafa, 2017) 

 

Figure2. 8: Springback variation with respect to die Angle (Ramulu et al.,2016) 

2.6 SPECIMEN PREPARATION FOR BENDING 

For experimental V-bending process most of the researchers described the dimensions of the 

specimens for example: Osman et el., (2010) used V-die bending experiments which 

conducted on 38 mm x100 mm annealed steel specimens cut from 1000 mm x 2000 mm 

commercially available cold rolled low carbon steel sheets having thicknesses of 0.7, 1.5, and 

2.5 mm. Additionally, Balaji et al., (2014) presented on FE410 sheet with 8 mm thickness 

taken for research study with V bending. A sample specimen of 100x30x8 mm used to 

perform for the experiment. Stainless steel 304 sheet metal (120mm×30mm) cut along the 

rolling direction was used in experiment and thickness was 3 mm (Buang et al., 2015). 

According to, (Wan-Nawang et al., 2015) springback was due to the elastic deflection that 

occurs in the material after the bending process takes place. In this paper an investigation was 
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concerning on the influence of the material rolling direction on springback in the case of w-

shaped bending parts were the tensile and bending behaviors of the parts are observed 

through the experiment. Stainless steel sheets (SS 316L) with three different thicknesses of 

100m, 75m and 50m were tested. Bending specimen was prepared from strips cut at 0◦, 45◦ 

and 90◦ to the rolling direction of the strips respectively. The results revealed that various 

parameters influence the springback, such as thickness of the sheet, force applied, material 

rolling-direction and holding time during the sheet-deformation. Talele et al., (2014) 

presented on a metal was deformed into the plastic region; the total strain was made up of 

two parts, the elastic part and the plastic part. When the load was removed, a stress reduction 

occurred and accordingly the total strain decreased by the amount of the elastic part, which 

results in springback. The amount of springback increased with greater yield strength or with 

the material‟s strain-hardening tendency (Bhav et al., 2016). 

2.8 MEASURING SPRINGBACK ANGLE   

Springback is a very complicated behavior and not easy to predict through the mathematical 

models. Therefore, some experiments for understanding springback behavior were conducted 

and some mathematical models were developed by different researchers. Various 

experimental methods and procedures have been developed to investigate and characterize 

springback on sheet metals. The most popular and frequently used methods are cylindrical 

bending, U-bending, V-bending and flanging. These techniques are attractive because the 

level of springback is large and it can easily be measured. Many researchers have tried to 

compensate the springback by various means. Springback describes the change in shape of a 

formed sheet upon removal from the tooling. (Ameen, 2012) presented the effect of the 

springback on the bending operation of different materials. The procedure of measuring the 

springback factor discussed as follows: first, Drawing the radius of the die (25mm) on the 

paper and measure the angle of the radius as shown in Fig. (9). Then drawing the radius of 1
st
 

specimen tangent to the die radius. Finally, measuring the angle of the specimen and 

calculated the springback factor according to the equation:  

Ks=
  

  
=
          

(
   

 
)  

…………….( 1) 

Ks=springback factor 
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αi=internal angle curvature 

αf=external angle curvature 

t = Thickness of the plate (mm)  

Ri = Internal radius curvature (before spring back) (mm)  

Rf = Real internal radius curvature (after spring back) (mm)   

 

 

Figure2. 9: procedure of measuring springback factor (Ameen, 2012) 

Ramlan, (2012) presented the angle after springback and difference between depth of 

specimen before springback and depth of specimen after springback was measured. Due to 

difficulty of using conventional methods, measured in MATLAB concluded that springback 

angle can be calculated and evaluated accurately using MATLAB measuring method. Photos 

of real experiment were loaded in the MATLAB and then five points on each arm of 

specimen was selected. After points were selected, linear regression was used to reach 

equation of straight line for each arm of specimen. Then based on equations of straight lines, 

angle in the middle of two straight lines was computed.   
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Figure2. 10: Illustration of experiment: αu-angle after unloading and α before unloading. 

springback equal to the difference these variables (Ramlan, 2012) 

2.9 FINITE ELEMENT SIMULATION (FE) 

FE simulation of sheet metal forming was a well-established tool which is used in industrial 

works to evaluate geometrical defects affected by elastics springback (Burchitz, 2008). It is a 

simulation technique which analysis the behavior of components, equipment‟s and structures 

for different loading conditions including applied forces, pressures and temperatures. 

Engineering simulation tools based on the finite elements method were employed regularly in 

the design of stamping dies for sheet metal parts. However, a bad material model choice or 

the uses of non-accurate enough parameters lead to imprecise simulation results (Quesada et 

al., 2014). Talele et al., (2014) given the simulation and parametric FE analysis for sheet 

metal forming method with varying blank holding force, materials, blank thickness, and 

coefficient of friction and their effects on the springback.  To improve the springback 

prediction by FE analysis, guidelines concerning the mesh discretization were provided and a 

new through-thickness integration scheme for shell elements were launched. Springback 

prediction and compensation were still major challenges in the simulation of sheet metal 

forming process (Mrad et al., 2013).  Toros et al.,  (2011) developed the models for the 

materials in FE software had significant effects on the accurate prediction of the forming 

results.  

Wagoner et al., 2013) studied the numerical investigation of springback on sheet metal 

bending process to produce bent sheet metal parts within acceptable quality. The numerical 

analysis was done using ANSYSTM LS-DYNATM. The influence of sheet metal thickness, 
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sheet metal type, friction, tool radius and tool shape on springback for aluminum, copper, 

mild steel and high strength steels, sheet metal were considered for investigations. Buang et 

al., (2015) focused on the design of experiment approach by using the full factorial and 

analysis of variance methods to identify the die or punch radii significant input parameters in 

predicting springback. ANOVA and full factorial design (2
k
), with five process parameters 

and two-level values (2
5
), were used. The results from the experiments showed that 

springback was affected by the die and punch radius values in the air V-bending experiments. 

2.10 MICROSTRUCTURE AND HEAT TREATMENT 

Metallic materials take the form of a crystalline structure in the solid state. The crystalline 

structure and the alloying elements added to pure iron give carbon steel the ability to have a 

wide variety of properties, which make it one of the most useful materials in industry. The 

crystalline structure of carbon steel might include body-centered cubic (ferrite), face centered 

cubic (austenite), or body-centered tetragonal (martensitic) forms. At higher temperatures, the 

ferrite structure is unstable and transforms into a face centered cubic structure called gamma 

(γ) austenite (figure 2.11). At even higher temperatures, the austenitic structure might again 

transform into a higher temperature form of ferrite; this is called delta (δ) ferrite. The 

transformation temperatures indicate the points at which the structure becomes unstable form 

and begins to undergo a transformation to a different crystalline structure. It can be seen that 

carbon steels, with a typical high value of carbon content of less than 0.35% for pressure-

containing applications, will have a transformation temperature range that will differ with the 

carbon content and the rate of heating or cooling (figure 2.11).    

In air bending a sheet was bent on après brake with help of a die and punch. During bending 

operation, previous heating of the sheet metal provided some advantage, such as reducing the 

maximum force, springback and increased the bend ability. As (Wan-Nawang, 2015) 

presented on springback of high-strength steel next to hot and warm sheet forming, the 

springback of high-strength steel next to hot and warm sheet forgings was studied. In this 

investigation, a series of hot and warm sheet forming experiments on high-strength steel 

sheets were performed using a hot compression testing machine, and the effect of forming 

temperature on the amount of springback was evaluated. As the result of this studies showed, 

the springback was markedly reduced when the forming temperature is higher than 750K, 

which was approximately the critical temperature for the recrystallization of ferrite grains.  
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Larsson (2005) discussed forming at elevated temperature to distinguish warm forming from 

hot forming. In warm forming, the microstructure was stable, but in hot forming 

microstructural changes occurred, including recrystallization and grain growth. Usually, the 

temperature interval for warm forming starts at 0.3 times the melting temperature and ends at 

0.5 times the melting temperature. At higher temperatures, the term hot forming was used.  

 

Figure2. 11: Iron-Iron Carbide Phase Diagram (Gandy, 2007) 

 

As per above literatures, most of the researchers were investigated on springback analysis of 

various materials by considering different parameters. Sheet metal forming process was 
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carried out at room temperature and resulted in decrease of the formability of sheet and 

increased springback. But for springback analysis at various heat treatments was not 

investigated on JIS 3302 grade steel sheet material. This was the gap for this work, JIS 3302 

grade steel sheet material was selected to analyze springback by different heat treatments 

conditions.  
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CHAPTER 3 

METHODOLOGY AND MATERIALS 

3.1 INTRODUCTION 

This study was performed to investigate springback formation in sheet metal bending and 

predict the parameters affecting this phenomenon, by using of experimental and simulation 

Analysis. The aim of this section is to present the details of the experimental and FE 

simulation procedures that used in this study. A simple 2D and 3D bending process were 

investigated through FE simulations for JIS 3302 grade steel material. The effects of factors 

investigated in this study include; rolling directions and heat treatment. For the FEM 

evaluation ABAQUS software was used for all simulations. The detailed methodology was 

mentioned in the Fig. 3.1 in the form of flow chart. 

3.2 PROJECT FLOW CHART 

 

Figure 3. 1: Project flow chart 
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3.3 MATERIALS 

JIS 3302 grade steel sheet of 2mm thickness was used as base materials for the present work 

which was used in a wide-ranging of applications and economic considerations in the 

industries. This grade was also represented as ASTM A653 standard. Initially, the chemical 

composition testing was performed to know the exact elements existed in the sheets metal. 

Table 3.1 shows the chemical composition of selected material before heat treating. 

3.3.1 Chemical composition 

table 3. 1: JIS 3302 grade steel chemical composition 

C 

max% 

Si 

max% 

Mn 

max 

% 

P 

max% 

S 

max% 

Cr 

max% 

Mo 

max% 

Ni 

max% 

Cu 

max% 

W 

max% 

Fe 

max% 

0.05 0.0065 0.19 0.078 0.035 0.041 0.003 0.014 0.02 0.04 99.5 

 

3.4 EXPERIMENT BENDING PROCESS 

The aim of this experiment was to determine the influence of technological parameters on the 

amount of springback. Initially experimental specimens were prepared in the form strips 

based on the different rolling directions. This experimental specimen was prepared by 

hydraulic sheering machine. The strips of bending specimen were prepared from 

1000x2500x2mm sheet metal cut in 0
0
 ,45

0
 and 90

0
 rolling directions with specimen 

dimensions of 150x40x2mm as shown in Fig. 3.2. Total 9 experiments were planned, for 

which 27 samples were prepared with three reputations for each perimeter. After that, the full 

annealing and normalizing heat treatment  methods were performed at 900ºC. 

 

Figure 3. 2: Prepared specimen for bending 



22 
 

The V-bending process was used for the bending process. The experiment set-up was 

composed of a punch, a die and guide pins which are given in Figure 3.3. The blank is a piece 

of sheet metal, typically a rectangle shape, which was pre-cut from stock material and heat 

treated by different condition. This experiment was performed on hydraulic press brakes 

machine for V-bending test. In V-bending process, a tool called a punch moves downward 

into the blank and draws, or stretches, the material into the die cavity. The movement of the 

punch was hydraulically powered, to apply 20KN force to the blank. 

 

Figure 3. 3: Experimental setup 

Experimental setup was not disturbed for all experiments and the tests were conducted under 

same operating conditions. Three experiments were conducted for each parameter; rolling 

direction and heat treat condition. The resultant springback effect for each sheet heat treat and 

rolling direction was obtained by averaging the values of the springback effect for the three 

experiments.  

3.4.1 Springback measurement 

To determine the springback in V-bending and to get a blank of 90° bend angle by studying 

the effect of heat treatment and rolling direction angle on the sheet metal was performed. The 
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punch stroke distance was fixed; it should not move up to the bottom of the die. A gap of 

2mm, which was equal to sheet thickness, was maintained between the final position of 

punch and the die. This was to avoid crushing of the sheet material at the bending profile. 

The angle of the die and the punch was 90
0
. The steps that were followed during the 

springback testing are as follows.           

1-Fixed the die and punch in the compression device. The punch was moved down.                                                                                                 

2- The punch in contact with the sheet and the sheet was drawn through the opening in the 

die. 

3-The punch proceeds downwards, the outer radius of the workpiece is reduced  

After unloading the specimens, angles were measured within two munities by using bevel 

protractor (Figure 3.4) (Kumar, 2010). Then, the angle of the die was reduced from the 

measured angle. The unloaded bend angles were measured three times on each of the upper 

and lower sheet surfaces for each experiment.  Also, the bended specimen angle was 

measured within time interval.  

 

Figure 3. 4: Measuring the angle of bended sample 

3.5 Heat treatments of specimens 

Full Annealing: -Metals are annealed to relieve internal stresses, soften them, make them 

more ductile, and refine their grain structures. In this process, specimens were heated up to 
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900
o
C in Muffle furnace (Fig.3.5) for one hour, and then cooled it to room temperature in 

furnace.  

Normalizing: Ferrous metals are normalized to relieve the internal stresses produced by 

machining, forging, or welding. Normalizing prior to hardening is beneficial in obtaining the 

desired hardness, provided the hardening operation performed correctly. Because of this, 

normalizing was achieved by heating the metal to 900
o
C in furnace for one hour and soaking 

the metal until it was uniformly heated, and then it was cooled in still air. All the heat 

treatment processes were done according to SAE AMS 2770G standards (Sarikay (2008)). 

 

Figure 3. 5: Muffle furnace 

3.6 MICROSTRUCTURE OF THE SPECIMEN 

The micro structure of the specimen was observed by using Metallurgical Microscope of 

model: Huvitz HR-300 series, magnification: 50X, 100X, 200X, 500X, 1000X, scanning 

area: 104x102mm, illumination system: 12v, 1000W halogen lamp (Fig. 3.8). Firstly, samples 

were cut from the heat treated and before heat treated. Then, these specimens were mounted 

in phenolic resins by hot mounting press machine at Material Engineering lab, ASTU, 

Ethiopia (Fig. 3.6). This machine consists upper ram, lower ram, cylinder, heating part, 

cooling part and mold. This system automatic mounting press that automatically operate 
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pressure, heat, cooling by water. After that the specimen was rough cleaned by grinder, rough 

polished (Fig. 3.7), then final polished using standard manual techniques was performed. 

Finally, etching was performed to see the microstructure  of the material. All, samples are 

seen at 1000x magnification for this thesis study. For that testing, three specimens were 

prepared (Fig. 3.10). Those were: annealing, normalizing and before treating specimen. For 

each one specimen testing five trails were performed. 

 

Figure 3. 6: Mounting press machine 

 

Figure 3. 7: Grinding machine 
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Figure 3. 8: Metallurgical Microscope 

3.7 HARDNESS OF THE SPECIMEN 

Hardness is the resistance of a material to deformation, indentation or scratching. The basic 

goal of hardness testing is to quantify the resistance of a material to plastic deformation. The 

indentation value has high importance for technical applications which reflects the resistance 

to deformation which is a complex property and related to modulus, strength, elasticity, 

plasticity and others. The Vickers hardness test uses square-based pyramid diamond indenter 

with an angle of 136
0
 between the opposite faces at the vertex, which is pressed into the 

surface of the test piece using a prescribed force, F.  

HV= Constant x Test Force/Surface Area of Indentation 

                                  = 
         

       

 
 

  

 

The HVS-50 machine used for this project has measuring range: 5-2900 HV, test force: 

9.807, 49.03, 98.07, 196.1, 294.2, 490.3N, maximum height of test piece: 180mm, depth of 

throat: 125mm, magnifications of the measuring system: 125X, 250X and minimum scale 

value of the optical micrometer: 0.5µm. Load used during hardiness test was 49.03 N 

(10kg.f) on five trail per each sample. Average result was taken for comparison of HV value 
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of all samples. Hardness testing was performed on the same specimen that prepared for 

microstructure. 

 

 

Figure 3. 9: Vickers hardness tester 

 

Figure 3. 10: Specimen prepared for microstructure and micro hardiness 
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3.8 TENSILE TEST PROCEDURE 

The tensile test was widely used for the measurement of basic mechanical properties of 

metals, plastics, and composite materials. Mechanical properties are an important measure in 

order to know the material properties, and the tensile test is just one way to certify the 

material. In tensile test, the materials properties such as elastic deformation properties 

(Young‟s modulus and Poisson‟s ratio), yield strength, ultimate tensile strength, ductile 

properties (elongation and reduction in area) and strain hardening characteristics. 

3.8.1 Tensile specimen preparation  

Based on the ASTM standard, there were three types of the specimens for the tensile test 

process where it was plate, sheet and round type specimen. In this project, sheet metal was 

performed to get the material properties. For this purpose, the specimens were prepared from 

sheet metal cut at 0
0
 ,45

0
 and 90

0
 to the rolling direction of the specimens by using sheering 

press machine with the dimension of 200x25x2mm. To evaluate the mechanical properties of 

the specimen, tensile tests were performed according to the ASTM standard E-8M (J.R., 

(2004)). This specimen was prepared from strips by using milling machine. The detail 

dimension and specification of the tensile test specimen prepared was shown in the Figure 

3.11 and Table 3.2. The prepared specimens were as shown in Fig. 3.12 as per the standards. 

 

Figure 3. 11: tensile test specimen specification (J.R., (2004)) 
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table 3. 2: Tensile test specimen specification and dimension as per the ASTM standards 

Symbol Name Dimension 

G Gage length 50mm 

W Width 12.5mm 

T Thickness 2mm 

R Fillet radius 20mm 

L Overall length 200mm 

A Length of reduced section 60mm 

B Length of grip section 50mm 

C Width of grip section 25mm 

 

 

Figure 3. 12: Specimen prepared for tensile test 

3.8.2 Tensile test experiment 

The experimental procedure had two stages. In the first one, the experimental study 

concerned material property characterization by tensile test. The mechanical and forming 

properties of the base material were obtained from standard tensile tests as per ASTM 

standards E-8M. 27 numbers of specimens were tested by nine different parameters with 

three numbers of repetitions. The material properties were taken from the average of three 

specimens that tested with the same perimeters. The specimens are designed as shown in 

Table 3.4. All the samples were tested by universal testing machine (UTM 2000kN) in 

Ethiopian conformity assessment enterprise.  



30 
 

table 3. 3: Numbers of specimen tested and its parameters 

Rolling direction After heat treated and before heat treated Number of specimens 

0
0
 Annealing 3 

45
0
 Annealing 3 

90
0
 Annealing 3 

0
0
 Normalizing 3 

45
0
 Normalizing 3 

90
0
 Normalizing 3 

0
0
 Without heat treatment 3 

45
0
 Without heat treatment 3 

90
0
 Without heat treatment 3 

 

 

Figure 3. 13: Tensile testing by using UTM-2000kN 

After the tensile test was performed the value of yield stress, ultimate stress, engineering 

stress and strain, true stress and strain, K value and n value was determined on the output data 

from UTM. From the output data, force and elongation was used to provide the described 

parameters. Initially, the engineering stress and strain was determined respectively. Then true 

stress and strain was determined from engineering stress and strain by using equation 

respectively. The yield stress was determined from the graph of true stress-strain and the 

offset of true strain (true strain + 2%) with true stress. Then the contact point of both graphs 

is yield stress as shown on the Figure 3.13 as example. From the data of true stress and strain, 

the data for „n‟ graph was determined. This data was selected from yield stress up to ultimate 

stress. The value of „n‟ was determined from the graph as shown on the Figure 3.14. Finally, 

the value of K was determined from the graph of first „n‟ was determined from by using 

equation. All the mechanical properties of 27 specimens were determined by the same 

procedures. 
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Figure 3. 14: Shows How to find yield stress from true stress and 2% offset of true strain 

 

Figure 3. 15: Shows how to find „n‟ value and „K‟ exponent 

3.9  FINITE ELEMENT SIMULATION PROCESS 

Extensive knowledge of influence of all the variables on the sheet metal bending process is 

required to design the tools adequately to manufacture a product with the desired shape and 

performance. After the first design of the tools, a large number of time-consuming trial and 
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error experiments required to determine the proper tool design and all other variables, leading 

to the desired product. This trial and error process sometimes may even require redesigning 

the expensive tools. To reduce the time and cost, process modeling by computer simulation 

was used to replace the experimental trial and error process by a virtual trial and error 

process.  

FE simulation was applied to investigate the springback and spring-go phenomena in a V-die 

bending process and to investigate the effects of process parameters. In the V-bending 

process a “blank” of sheet metal was placed on die surface. A punch was moved against the 

blank which was drawn into the die. The blank was drawn from between these two tools. To 

obtain a successful bending process, it was controlled the slip between the blank and die. The 

rigid punch and the die, the coefficient of friction between the interface and the punch is 

taken to be 0.1. In the first step the punch was moved toward the blank through a total 

distance of 10mm. In the simulations performed, special attention is given in order to remain 

as close as possible to the physical process. Using a dynamic explicit and static implicit time 

integration scheme.  

The bend angle of the blank during loading and unloading is found out by performing the 

Springback simulation on the deformed blank. Two nodes one on each side of the bending 

region are selected and the angle between them is being found out. The same procedure was 

repeated at every regular position of the blank and the average of all the angles is being taken. 

The same procedure is adopted for the blanks before and after considering the springback and 

the difference between them is the value of springback. The material properties that were 

used in the simulation were given in Table 4.1.  

3.9.1 Parameters for FE simulation input 

In engineering application, material selection was important term to make sure that material 

is suitable for the produce products. JIS 3302 grade steel sheets were selected as the materials 

of the blank in this study. The dimensions of the specimen are: blank size, 150×40 mm; 

material thickness, 2 mm; punch width, 40 mm; die entrance radius, 2.5mm; load of pressure 

pad, 20kN; and intended bending angle, 90°. For reasons of symmetry in V-channel 

processing, it was reduced the 3D problem to a 2D problem by assuming a plane-strain 

condition. The material properties were input for ABAQUS simulations were: -modules of 
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elasticity, poison ratio, yield stress and plastic strain. The value of poison ratio that used was 

0.3. The others detail of this material properties was presented in Table 4.1 and 4.2.  

3.9.2 Material modeling 

The geometric models of the die, punch and blank were modeled in the pre-processor. Figure 

3.16 shows the assembly of tools in the code. The blank used is JIS 3302 grade steel of size 

2mm. The number and type of elements used in a typical simulation for different objects were 

shown in Table 3.4. 

 

Figure 3. 16: Showing solid model of the arrangement 

3.9.3 Mesh Details 

The model was meshed with quad, by default the solver selects meshing with respect to 

physics nature. The Finer meshing was performed to obtain accurate results of V-bending. In 

this case explicit was selected for the meshing and solving. Figure 3.17 and 3.18 shows the 

mesh structure of the arrangement and simulated model. 

Table 3. 4: Parameters used in a typical FE 

Object type Type of body Node/elements 

Punch Rigid 4616/22309 

Die Rigid 14020/11951 

Blank Deformable 4080/3000 
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Figure 3. 17: Mesh structure of the arrangement assembly of V-bending process 

 

Figure 3. 18: Final simulated model after V die bending 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

Experiments and FE simulation were conducted to evaluate the effectiveness of the heat 

treatments and cutting angle on the springback effect of the selected material. The influence 

of the heat treatments and rolling angles on the springback in the V-bending tests for these 

two factors have a significant influence. 

4.2 TENSILE TEST RESULT 

The results of tensile tests are shown in the Table 4.1 such as ultimate stress (Tensile stress), 

yield stress, total elongation, strain hardening coefficient (n) and Material Strength (K). The 

ultimate stress and yielding stress for annealed specimens is the lowest when it is compared 

with the result from normalized and before heat treating specimen as presented in Table 4.1, 

Fig. 4.1 and 4.2. By which, the stress of specimens before heat treating has the largest leads 

to the force required for specimen testing after heat treatments is minimum. 

 

Figure 4. 1: Graph of rolling angle with yield stress 
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Table 4. 1 Mechanical properties of JIS 3302 grade steel sheet material 

Conditi

on of 

specime

n 

Rolli

ng 

direc

tion 

Trials Mechanical properties of the specimens 

Tensile stress 

(MPa) 

Yield stress 

(MPa) 

%elongation n K(MPa) 

Anneali

ng 

0
0
 1 350.3 278.4 52 0.35 723.283 

2 361 214.3 60 0.855 869.3 

3 408.4 330.2 60 0.53 970.97 

average 373.23 274.3 57.33 0.578 854.518 

45
0
 1 300 212 58.375 0.32 720.46 

2 299.6 174.1 56 0.4 680.35 

3 320.3 275 54 0.52 856.13 

average 386.53 220.37 56.125 0.413 763.86 

90
0
 1 395.5 132.4 55.6 0.49 824.35 

2 397.1 152.4 48.1 0.376 801.67 

3 405.4 289.8 60.7 0.4354 885.28 

average 399.33 191.53 54.8 0.4338 837.1 

Normal

izing 

0
0
 1 382.8 376 84.6 0.49 877.4325 

2 424.9 352.7 61.5 0.491 977.4039 

3 451.9 395.1 61.5 0.3758 883.596 

average 419.87 308.23 69.2 0.452 912.81 

 45
0
 1 485.43 267.82 73.1 0.5 945.13 

2 402.87 348.12 60 0.51 956.23 

3 444.65 380.18 55.2 0.47 934.56 

average 431.32 332.04 62.77 0.493 945.91 

90
0
 1 492.2 421.8 53.8 0.51 1154.474 

2 395.5 334 61.5 0.5325 941.995 

3 440.1 372.3 53.8 0.5412 1051.423 

average 442.6 176.9 56.37 0.5279 1049.297 

Without 

heat 

treatme

nt 

0
0
 1 572.5 508.5 44 0.258 1049 

2 562.6 501.8 60 0.0038 363.5 

3 572 529.5 48 0.246 1030.81 

average 569.03 513.27 50.67 0.169 814.437 

45
0
 1 474.7 387.3 46.7 0.2864 903.6119 

2 534.67 447.8 48.2 0.34 765 

3 584.7 476.65 48 0.53 876 

average 531.36 437.25 46.3 0.385 848.2 

90
0
 1 562.8 501.2 46.2 0.153 912.14 

2 549.6 482.3 38.5 0.262 1014.042 

3 521.5 124.3 38.5 0.3 1024.439 

average 544.63 369.27 41.07 0.238 983.54 
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figure 4. 2: Graph of rolling angle with tensile stress 

 

figure 4. 3: Graph of elongation with rolling angle 
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Table 4. 2: modules of elasticity 

Annealing Rolling angle Modules of 

elasticity(GPa) 

0
0
 150 

45
0
 165 

90
0
 160 

Normalizing 0
0
 130 

45
0
 142 

90
0
 153 

Without heat treat 0
0
 205 

45
0
 230 

90
0
 199 

 

 

figure 4. 4: comparison of stress-strain diagram 
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The smallest elongation specimen from Table 4.1 was 41.07% of before heat treatments. But 

the ultimate stress of the before heat treatments was the largest (Figure 4.4) and the ultimate 

stress of the annealing was the lowest (Figure 4.2 and 4.4). Additionally, the hardening 

coefficient is the smallest on annealing specimen (Table 4.1). Inversely, it was the largest on 

before heat treating specimen (Table 4.2). 

4.3 HARDNESS PROPERTIES OF THE SPECIMAN 

The average micro hardness value of before heat treating is found to be 282.72 HV while the 

annealing and normalizing specimen are 174.88 and 183.9 respectively as shown in Table 

4.3. This indicates that the micro hardness before heat treating is more compared to the 

annealing and normalizing specimen. But, the micro hardness of annealing is the lowest when 

it is compared with the normalizing and before heat treatment specimen. This shows that the 

annealed specimen has got ductile behavior and formable. Due to this, the springback to be 

found from annealing is the smallest (Table 4.4 and 4.5).  

Table 4. 3: The value of Micro hardiness the materials 

Type Hardness value Average 

1 2 3 4 5 

Before heat 

treat 

specimen 

284.7 287.2 274.7 282.1 284.9 282.72 

Annealed 

specimen 

178.3 168.6 177.7 177.7 172.1 174.88 

Normalized 

specimen 

188.9 179.6 191.7 180.2 179.1 183.9 

 

4.4 MICROSTRACTURE RESULT 

A typical microstructure of the specimens are presented in Figures 4.5, 4.6, and 4.7. It is 

observed that the microstructure of the specimen with different heat treated conditions are 

different. The investigated cold rolled steel has shown a ferrite matrix microstructure (Fig. 
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4.5) whereas the annealed and normalized steel are showing austenitic microstructure (Fig. 

4.6 & Fig. 4.7) (Gandy, 2007).  

 

figure 4. 5: Before heat treatment at 1000x magnification 

 

figure 4. 6: Annealed specimen at 1000x magnification 
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figure 4. 7: Normalized specimen at 1000x magnification 

4.5 SPRINGBACK RESULT FROM EXPERIMENTAL 

The experiments are conducted on JIS 3302 grade steel sheet of 2mm thickness with different 

rolling directions. For illustration few of the deformed sheets are shown in Figure 4.8. All the 

springback tests are conducted at ambient conditions only. For each test, three reputations are 

followed. In each reputation springback angles are measured with equal time interval. All the 

experimental data is tabulated in the Table 4.4. Among all the specimens, the major 

springback has seen without heat treated specimen as 3.5° in 90° rolling direction and 

minimum is in annealed sample as 0.5° in 0° rolling direction. Hardness without heat treated 

has more value than heat-treated values. This is also another reason to relate the springback 

analysis along with microstructures.  
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figure 4. 8: After V-bending at different heating conditions 

 

figure 4. 9: Showing experimental springback with rolling direction 
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Table 4. 4: Experimental result 

Heat treatment and without 

of heat treat specimen 

Sheet rolling 

direction  

Trials Measured value for 

(90
0
) die angle 

Springback 

Annealed specimen 45
0
 

 

1 91
0
 1 

2 91
0
 1 

3 91.5
0
 1.2 

average 91.1
0
 1.1 

90
0
 

 

1 91.5
0
 1.5 

2 91
0
 1 

 3 91
0
 1 

average 91.2
0
 1.2 

0
0
 

 

1 91.5
0
 1.5 

2 91
0
 1 

3 90.5
0
 0.5 

average 91
0
 1 

Normalized specimen 0
0
 

 

1 91.5
0
 1.5 

2 91.5
0
 1.5 

3 91.5
0
 1.5 

average 91.5
0
 1.5 

90
0
 

 

1 91
0
 1 

2 91.5
0
 1.5 

3 91.8
0
 1.8 

average 91.27
0
 1.43 

45
0
 

 

1 91.2
0
 1.2 

2 91.5
0
 1.5 

3 91.5
0
 1.5 

average 91.23
0
 1.4 

Without heat treatment 

specimen 

0
0
 

 

1 92.5
0
 2.5 

2 92.8
0
 2.8 

3 92.5
0
 2.5 

average 92.6
0
 2.6 

90
0
 

 

1 93
0
 3 

2 92.7
0
 2.7 

3 93.5
0
 3.5 

average 93.06
0
 3.06 

45
0
 

 

1 92
0
 2 

2 92.2
0
 2.2 

3 92
0
 2 

average 92.067
0
 2.067 
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4.6 SPRINGBACK RESULT FROM ABAQUS 

The evaluated mechanical properties form the tensile tests are given as input the ABAQUS 

finite element solution. The complete setup for V-bending was modeled and run the 

simulation by giving proper input conditions. The springback is noted for all the heat-treated 

conditions as shown in Table 9. From the simulation results, maximum springback is noted as 

2.3 in 90
0 

rolling direction in without heat treated specimen and minimum is in annealed 

specimen as 1.3 in 0
0 

rolling direction. For illustration an example of the FE simulation 

output was shown in Figure 4.10. 

Table 4. 5: Springback result from ABAQUS 

Heat treatment Sheet angle Springback 

Annealed 

specimen 

45
0
 1.5 

90
0
 1.6 

0
0
 1.3 

Normalized 

specimen 

0
0
 1.6 

90
0
 1.8 

45
0
 1.7 

Without heat 

treatment 

specimen 

0
0
 2.15 

90
0
 2.3 

45
0
 2.1 

4.7 COMPARISON OF EXPERIMENTAL AND FE SIMULATION 

Due to the changes is mechanical properties after heat treatment, there have been variations 

in springback angle after the bending operations in both experimental and FE simulation. For 

the same material, because of the decreasing in yield strength from before heat treatment to 

annealing condition, it has been observed that higher springback is obtained in before heat 

treatment condition in both experimental and FE simulation. Before heat treatment specimen 

has higher yield strength than annealing and normalizing type heat treated material whereas 

the yield strength of material in annealing condition is the lowest. 

In the normalizing case, the value of micro hardiness is slightly increased as presented in 

Table 4.3 and the springback also increased as described in Table 4.4 and 4.5 related to full 

annealing. This is due to some fine pearlite structure which produced from normalizing 

process where the faster cooling in still air gives fine pearlite (Figure 4.7). 

In the case of full annealed specimen, the value of microhardness is the lowest (Table 4.3) 

and the value of springback is also lowest as presented in Table 4.4 and 4.5. Where the steel 
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is initially heated to produce homogeneous austenite (FCC γ phase), then allows the steel to 

cool slowly in a furnace, producing coarse pearlite (Figure 4.6) provides relatively low 

strength, low hardness and good ductility. 

 

figure 4. 10: Example of the springback of FE simulation result 

Table 4. 6: Comparison of FE simulation and experimental 

Heat treat and with 

heat treat specimen 

Cutting angle of 

specimen 

FE simulation 

result 

Experimental 

result 

Annealing 0
0
 1.3 1 

45
0
 1.5 1.43 

90
0
 1.6 1.4 

Normalizing 0
0
 1.6 1.5 

45
0
 1.7 1.4 

90
0
 1.8 1.43 

Without heat treat 0
0
 2.3 2.6 

45
0
 2.1 3.06 

90
0
 2.15 2.067 

 

Before heat treated specimen shows the greatest value of microhardness (Table 7) and as well 

as the value of springback is largest (table 10). 

The effect of springback and resulting properties of mechanically formed steel plates have 

been presented and discussed. It was found that the 2mm v-bended sheet metal exhibited the 

largest value of springback 3.06
0 

for experimental and 2.3
0
 for FE simulation. In other words, 
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the springback caused a v-bending errors 3.06
0
 for experiment and 2.15

0
 for FE simulation. 

Due to the springback errors, the desired angle of 90
0
 was not achieved. From this stand of 

point it can be concluded that springback causes geometric inaccuracies in sheet metal 

bending. It also found that the ferrite changed to austenite. The microhardness of the annealed 

specimens is improved compared to before heat treating and normalizing to reduce the error 

due to springback. In this case, annealing can be considered as a method of compensating for 

the springback. 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATION 

5.1 CONCLUSIONS 

In this thesis, several bending operations were analyzed in order to determine the effect of 

heat treatment to the springback. For this purpose, two different types of heat treatment were 

applied to the JIS 3302 grade steel and the amount of springback was determined under three 

circumstances. Moreover, the effect of rolling angle to the springback is also studied 

individually in the scope of this work. Hence, the general conclusions attained in this study 

can be stated as follows:    

i. The specimen used have the highest yield strength, microhardness in without heat 

treatment condition compared to annealing and normalizing and it is observed that 

higher springback values are obtained in the specimen compared to others.   

ii. It is observed that as microhardness increase the springback also increase along 

with ferrite micro structure changed to austenite the springback decrease. 

iii. It observed that when rolling direction increase the elongation of specimen is 

decreases. 

iv. It is observed that experimental and FE simulation results are in good agreement 

v. FE results also showed that, in before heat treatment condition, required punch 

force to bend the sheet metal was higher than the material in normalizing 

condition where the lowest in annealing condition 

5.2 RECOMMENDATIONS 

One of the future studies related to this study may be the simulation and analysis of different 

bending operations such as U-die bending and bending with flexible tooling. In such a case, 

the tooling configurations may be varied and the changes in the processes may be 

investigated.    

Another further study may be to analyze more complex bending operations by utilizing under 

heating forming processes. Effect of material model to the springback simulation and bending 

method may also be studied. 
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APENDECS 

Micro hardiness of normalizing specimen result 
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Micro hardiness of annealing specimen result 
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Micro hardiness of Before heat treatment specimen result 
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Example of stress- strain finding 
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Example of universal testing machine out put 
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Example of n and k finding 

 


