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Abstract  

Sheet metal forming is a process widely used in the manufacturing industry. There are several 

sheet metal forming processes are existed including stretch forming process. In this thesis, stretch 

formability of AA6023-T6 alloy sheet at room temperature and annealed sheet at 4000C has been 

performed. For which mechanical properties were evaluated through tensile test for all the 

conditions of AA6023-T6 sheet. Also, microstructure and material hardness tests were conducted 

by using Optical microscope and Vickers hardness (VHR) test respectively. The results of 

microstructure show, refined microstructure for annealed sheets at 4000C compared to sheet at 

room temperature. Annealing process caused reduction in material hardiness, which is acceptable 

value for sheets for different applications. For stretching operations, simulations were performed 

using limit dome height (LDH) test using PAM STAMP 2G software. During LDH test, the 

maximum value of LDH for annealed sheets of AA6023-T6 at 4000C and minimum value for sheets 

at room temperature is observed. Uniform thickness distribution for annealed blanks at 4000C is 

observed compared to room temperature. The room temperature stretch formability of AA6023-

T6 alloy sheet has 39.5 maximum dome height and annealed sheet at 4000C has 43 maximum dome 

heights. By which, annealed AA6023-T6 alloy sheet has good stretch formability. 

Keywords: Mechanical properties; formability; forming limit diagram; limit dome height; 

thickness distribution; microstructure and materials hardness. 
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CHAPTER 1 

1.1 Introduction 

Sheet metal forming is a process widely used in the manufacturing industry. There are several 

sheet metal forming processes are identified including stretch forming process. In stretch forming 

process the sheet metal is clamped around its edge and stretched over a die or forming block, which 

moves up ward, downward or sideways, depend up on the particular machine. Stretch forming is 

used primarily to make aircraft-wing skin panel, automotive doors panel and window frames etc. 

The design of components needs the analysis of instability and determining of possible 

deformation of sheet metal. The determination of possible forming limits and analysis of instability 

of sheet metal is predicted from forming limit diagrams (FLDs) [1]. Stretch formability is one 

sheet metal forming process in which force is applied on sheet metal to modify its shape and 

geometry without removing or cutting of material [2]. The applied load on sheet metal causes the 

plastic deformation when it is greater than yield strength of the metal. The stress induced during 

the process are greater than yield strength, but less than fracture strength of the material [3]. 

Mechanical behaviour of sheet metal is important to understand when manufacturing sheet metals 

products. Generally, a desirable property for metals is a large plastic deformation before necking. 

When necking of the metals occurs, diffuse necking is preferred over localized necking. A high 

total elongation of the metal before fracture is also desirable for sheet metal forming. Some metal 

such as a low carbon steels and aluminium-magnesium alloy may experience yield point 

elongation. Grain size, structure and orientation also important in a sheet metal workpiece. Grain 

will affect the properties as well as surface finish [4]. Another important factor which has influence 

on sheet metal forming is anisotropy. It is the directional variation of mechanical properties. In 

other words, the reaction of a materials to applied stress at different direction has different reaction 

to the applied stress. The strength and formability of the materials are the main properties which 

are very important for industrial applications of sheet metals [5, 6].  The forming behaviour of a 

certain sheet metals always depend up on the forming temperature during forming process. For 

instant, aluminium series of 6xxx alloys has quite less level of formability at room temperature 

than aluminium series of 5xxx alloys because of its strength [7].  

This study is mainly targeted on the determination of stretch forming behaviour of AA6023-T6 

sheet because, many recent automotive, ship, train body and aerospace industries are using 

aluminium alloy widely in order to achieve the requirements of lightweight and suitable 

formability of different parts [8].   
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1.2 Statement of the problem 

Sheet metal forming industries use the stretch forming process of sheet metals for the application 

areas like: aerospace, shipping, air crafts, and automotive parts. For these application areas, the 

requirement of good stretch formability is primary consideration. The stretch formability of 

aluminium alloy sheet affected by forming parameter like: 

 Forming temperature 

 Forming speed  

 Punch force 

 Lubrication (coefficient of friction) 

 Mechanical properties of the sheet metals  

Forming temperature has significant effect on stretch formability. Stretch formability of 

aluminium alloy sheet at room temperature has less formability than elevated temperature. But 

forming process at elevated temperature causes the excessive ductility on sheets. To overcome 

these problem annealing process of sheet metal is necessary in stretch formability of aluminium 

alloy sheet. 

1.3 Objective of the study 

1.3.1 General objective  

The general objective of this thesis is examining the stretch formability of AA6023-T6 alloy sheet 

at room temperature and annealed at 400oC. 

1.3.2 Specific objectives  

The specific objectives of the project are: 

 Investigating the mechanical properties of AA6023-T6 alloy sheet at room temperature and 

annealed sheet at 4000C at different three rolling directions (00, 450,900) 

 Evaluating the plastic anisotropy of AA6023-T6 alloy sheet at room temperature and 

annealed sheet at 4000C at different three rolling directions (00, 450,900) 

 Modeling and simulating stretch forming using limit dome height test on different strain 

paths. 

 Developing the forming limit diagrams for all three rolling directions and at two different 

heating conditions   
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1.4 Aim and scope of the study 

Sheet metal forming process vary from simple to complex. For instant, bending occurs at one end 

of the spectrum, in the middle stretch forming and at the other end deep drawing takes place. 

Regarding of forming process, the mechanical properties of sheet material has great influence on 

formability, which is a measure of the amount of deformation a material can withstand before 

excessive thinning or fracture occurs. Determining how much a material can deform is necessary 

for forming operations. Fracture is caused by excessive punch load, excessive blank holder force, 

excessive friction between punch and die and insufficient radius of die and punch. In this thesis 

the stretch formability of AA6023-T6 sheet metal was simulated along with mechanical property 

and plastic strain ratio testes were evaluated experimentally. The properties evaluated from the 

experiments of tensile test and plastic strain ratio testes are used as the input parameters for 

simulation of stretch formability of sheet metal by using finite element simulation. The study is 

initiated by preparing samples for tensile and plastic strain ratio tests. The sheet metal forming 

parameters namely, strain hardening exponent (n), the material strength coefficient (K), and plastic 

strain ratio (r) are evaluated. The simulation process was performed in finite element code using 

(LDH) test in to finite element code. The materials properties, the dimensions of blank, different 

process parameters and other criteria considered for simulation are given in chapter three. Forming 

limit diagram (FLD), distribution of thickness and dome height are evaluated simulation for all 

conditions of experimental results. From overall analysis of the results a good formability 

condition of AA6023-T6 sheet metal was suggested. 

1.5 Significance of the study 

The applications of aluminum alloy, in automotive industry, aerospace, marine and ship-building 

industry and aircrafts parts like: aircraft skins, cowls, and airframe components depends stretch 

formability process. The stretch formability of aluminum alloy sheets depend upon the mechanical 

properties, forming conditions cold forming or hot forming, along with other forming factors. The 

evaluation of stretch formability based on these parameters is important for industrial applications. 

Aluminum sheet alloys with potential application as light weight automotive body panels are 

formed by stretch forming process. One of the main requirements of the modern automotive 

industries are quality in stretch formability of aluminum alloy. This study helps the modern 

industries to achieve a good stretch formability on one of aluminum alloys sheet. 

 



4 
 

1.6 Organization of the study 

This thesis contains five chapters. In the first chapter the general information about the stretch 

formability process and outline of the present study was given. The second chapter is literature 

review based on previous studies related to the stretch formability. The review of studies consists 

of the experimental results, numerical simulation and the effect of different parameters. Within 

this chapter the concept of the formability and its relation with various parameters from the 

previous studies are briefly explained. In third chapter, the specification of material and different 

methodology used in this study are mentioned. The methods used in this chapter contains the heat 

treatment of sheet metal, tensile testing process, plastic strain ration analysis, the stress – strain 

relationship, strain hardening process and Hill yield criterion. In the last numerical simulation 

details are explained. Fourth chapter focuses on the presentation of results obtained from both 

experiment and numerical simulation analysis. Fifth chapter deals with the major conclusion of 

the present work as well as suggestion for future possible developments in this area. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

Formability of a given sheet metal indicated the ability of the sheet metal to be formed under 

different forming conditions to different sizes and dimensions [9]. The amount of strain hardening 

in the material decided the formability of the materials. The tensile test was one of the mechanical 

properties evaluation process in which the strain hardening exponent of the sheet metal evaluated. 

If the tensile tests of the sheet metal had maximum percentage of elongations, it can be predicted 

as the sheet metal with a good formability [10]. Formability of sheet metal also depends on the 

property of material determined from tension tests, such as tensile strength, yield strength, 

percentage elongation and the uniform elongation. These material properties are not sufficient to 

describe the sheet metals behavior deformation. The characteristics are, however, important to sort 

out unsuitable sheet metals. Although elongation after fracture and uniform elongation describe 

the suitability of sheet metals for forming process approximately, these values determined from 

tension test or uniaxial loading may not be sufficient to determine the suitability of sheet metal for 

deformation process since the stress condition may be different.  

2.2 Influence of forming temperature  

Forming temperature has significant influence on formability. Many researches were developed 

on the effect of temperature on the formability of different sheet metals. For example, Nolan et 

al.(2009) [11] studied the formability of a 7000 series alloy under different forming temperature. 

They performed the tensile tests and deep drawing tests to evaluate the forming behaviour. The 

experiment was taken at both elevated and room temperature. In the drawing process of the metal, 

the formability of the given sheet metal increased with the increase of forming temperature. This 

warm forming behaviour of the sheet metal indicated that the condition of formability of the alloy 

improved with that of the forming temperature. For the warm forming condition of 7000 series 

alloy in general the forming temperature observed in the range of 200◦C to 600◦C. The forming 

condition of stretch flange has a good formability at warm forming condition than cold forming 

process. Tokita et al. (2017) [12] studied the forming conditions of the stretch formability of two 

different high strength steels. The forming was preferred on warm forming by spherical stretch 

forming tests at various forming temperature including room temperature up to 600cC. Their 

experiment showed the suitable forming temperature for stretch formability of steels. The 

observations from the experiments indicated the value of maximum dome height related to the 

maximum formability indications. There was maximum dome height for test of steel at elevate 
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temperature and minimum dome height at room temperature forming process. High initial forming 

temperature was one of the affecting factor which causes the loss of quality in the forming process 

and also the coefficient of friction has a significant influence on the forming behaviour of the alloy. 

Ali and Jumah (2012) [13] investigated the forming behaviour of annealed aluminium alloy at 

different forming temperature. The formability of alloy increased with the increasing of the 

forming temperature. The comparison between forming process in a moderated forming 

temperature and forming process after annealing was observed. The result indicates that there is 

acceptable formability for alloy which was formed at moderated forming temperature than the 

alloy which was formed after annealing process. Also there is much more strength for alloy which 

was formed at moderated temperature than the alloy after annealed. In case of warm forming 

condition, the increase of temperature got significant effect on formability of sheet metals [14, 15]. 

When the forming temperature increase the stress required to form the 7000-aluminium alloy 

specimen decreased. At given forming temperature which was less than 1500C the formability of 

alloy minimum because of the stress concentration and when the forming temperature increased 

to 3000C, the formability of the alloy increased. There was poor formability of 7000- aluminum 

alloy at room temperature compared to from 1500C forming temperature to 4750C forming 

temperature [16]. When temperature was at maximum level, the formability was significantly good 

but the drawback at this forming temperature was the excessive ductility. In this case the 

application of alloy limited to its strength. In general, elongation increased, with increase of 

temperature of AA6061-T6 alloy during tension test. Moreover, at elevated temperature greater or 

equal to 2800C, the elongation increase with decreasing strain rate. With spreading of the 

deformation area, the deformation was more uniform than that at high strain rate; elongation 

increase gradually [17]. From tensile test, the true stress – true strain relationship showed that high 

strength alloy AA7075 has maximum ultimate strength and minimum total elongation at room 

temperature. During tensile test, there was no well-defined changes at forming temperature of 600C 

or 1000C. However, there was lowering in elongation at forming temperature ranging from 1400C 

to 2200C. When the temperature is 2600C, the strength of the alloy decreases significantly as well 

as total elongation. It showed that the maximum forming temperature was significant change in 

mechanical property of alloy. At warm forming of AA7075 alloy the materials strain rate 

hardening exponent was an important property to indicate the formability characteristics of alloy. 

The stress – strain relationship of the alloy showed that work hardening at maximum temperature 

decreases significantly with an increase of forming temperature from 1400C to 2200C [18].  
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For AA5182 alloy given strain rate, with an increase in the temperature causes decrease in strength 

and increase in ductility. Similarly at a given temperature, the increase in strain rate, both yield 

strength and ultimate tensile strength decrease and ductility increased. At the range of forming 

temperature from 2000C to 3000C the properties of strain hardening of the alloy was maximum. 

Also at 3000C, strain hardening was lower and almost negligible at the lowest strain rate. The value 

of strain hardening had inverse proportionality to the forming temperature, i.e. increase in forming 

temperature causes decrease in strain hardening. The influence of strain rate was visible in the 

flow of stress. The total elongation depended on strain rate sensitivity index value, when the alloy 

had larger strain rate sensitivity index value and also higher total elongation. The alloy was more 

than 100% total elongations at 2500C and 3000C and the maximum elongation of 148% obtained 

at the highest temperature and lowest strain rate. The stretch formability of aluminum alloys with 

series of 6000 and 7000 were low at room temperature forming condition than hot forming 

condition. Aluminum alloys with 5000 series, had the largest formability range even at room 

temperature. Also the lowest strength related to aluminum alloys series of 6000 and 7000. Forming 

behaviour of aluminum alloy increase with the increase of forming temperature either it is warm 

forming or hot forming temperature. Aluminum alloy with series of 7000 also had a good stretch 

formability at elevated temperature. In addition that the percentage of copper content in aluminum 

alloy was a significant effect on formability of alloy [19]. 

2.3 Influence of strain and plastic anisotropy on stretch formability 

The increase or reduction of strain and plastic anisotropies related to texture intensity and texture 

distribution should be the main factors for good stretch formability. Refining strain (ductility)of 

the materials also influence the stretch formability [20-24]. The materilas texture intensity has 

effect on stretch formability. Stretch formability of AZ31 Mg alloy sheet was evaluated at room 

temperature. And results from expermental tests indicats that, lower r- value and higgher n- value 

showed exellent stretch formability [25].  

2.4   Forming limit diagram 

The forming limit diagram (FLD), was introduced by Keeler [26] and Goodwin [27]. Forming 

limit diagram (FLD) is used to predict the materials formability behaviour under different forming 

condition. It played a great role in industries, because it was also the most applicable method to 

evaluate the formability of sheet metals [28-34]. Forming limit diagrams were used to determine 

the forming strain during forming process. The value of the work- hardening coefficient (n) and 

the anisotropy factor (r) also determined from tension test permit prediction approximately the 

maximum possible strain achievable in deep-drawing and stretch forming operation [35]. The 
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prediction of fracture formation of a certain metal in the forming process is one of the main criteria 

for analysing a suitable sheet metal forming process in order to achieve a good formability. The 

prediction of fracture forming limit highly depends on the forming temperature of the forming 

process [36 - 40].  

Sivanadini, et al. (2009) [37] studied the forming behaviour of magnesium alloys. Magnesium 

alloys of aluminium are used in many recent industries due to their lightweight and suitable 

strength. Also had good formability on the condition of hot forming process. The forming process 

of Magnesium alloys  at room temperature causes less formability than the forming process at hot 

forming temperature, because, of the ductility of the alloy. If the ductility of the Magnesium alloy 

increased the formability of the alloy also increase. Since, the increase in ductility of the 

Magnesium alloy predicts the formability behaviour Magnesium alloy sheets.  

The forming limit diagram is also the forming limit curve, which is one of necessary value during 

practical assessment of sheet stretch forming process. The parameters such as, strain hardening 

exponent (n), strain rate sensitivity exponent (m), the anisotropy strain rate (r) play a significant 

role in stretch formability of sheet metal [41]. The value for these parameters calculated with 

respect to the specimen just before fracture. Forming limit diagrams (FLDs) are a suitable and 

often used mechanism for classification of the formability and investigation of sheet metal forming 

process. Forming limit diagram (FLD) also used to indicate the forming limit of a given sheet 

metals at different state of deformation. For different materials the upper limit curve (ULC) of the 

forming limit diagram provides breaking, and they calculated with respect to specimens just before 

breaking. This result was presented at upper limit curve (ULC) of forming limit diagram (FLD) 

shown in Fig 2.1. The increase in local necking causes the increase in in deformation of a certain 

specimen at stress concentration area. While the local necking increased further there was no 

change in stress to the rest of part of the specimen which was not subjected to the necking. Start a 

local neck lies directly above the cloud strain states of or above the lower limit curve (LLC), 

represent in the Fig 2.1 [42, 43]. 
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Figure 2.1 Schematic representation of Forming limit diagram 

The deformation force influences the determination of forming limit diagram (FLD). The loss of 

stability in tensile strength was considered during determination of form limit diagram. The loss 

of stability in tensile strength was considered during deformation process. From the forming limit 

diagram (FLD) the direction of thickness distribution depends on the plastic deformation of the 

sheet metal. When the stretching of the sheet metal occurs the sheet start to the thinning in the 

direction of major strain direction. That means the left part of mentioned form limit diagram [44]. 

From forming limit diagrams (FLDs) of the major and the minor strain, the stretch formability of 

sheet metals indicate the forming behaviour of a metal. The materials strain hardening exponent 

(r) value has significant effect of the forming limit diagram. The strain hardening exponent value 

of steel sheet were evaluated with forming limit diagram. The results obtained from true uniform 

strain in tensile test agreed with the forming limit diagram (FLD) obtained at room temperature, 

1500C and 4500C. The experimental value of uniaxial tensile test at temperature of 1500C and 

4500C indicated the formability behaviour of the steel sheet. At plain strain condition the effect of 

temperature on forming limit diagram indicate the level of forming limit diagram. The levels of 

forming limit diagram decreased with the increase of sheet metal temperature. At 4500C 

temperature the forming limit curve got maximum level which was observed from the experiment. 

The increase in forming limit diagram (FLD) indicate the further increase of forming temperature 

was effect of sensitivity index. There was increase in strength, material strength coefficient and 

relative increase in strain hardening exponent at 4500C. From forming limit diagrams, the strain 

data points in the neck and also in the fracture region, there was down ward trend points in these 

data points toward biaxial stress line, because of the increased in forming temperature. The 

increase in forming temperature caused the decrease in mean flow stresses. Since, there was less 
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mean flow stresses of sheet metal it required the minimum deformation load. The comparison 

between the sheet metal’s temperatures of 3000C and 4500C indicated there was slightly increase 

in the load at 4500C [45]. Sheet metal forming process limited by plastic instability that occurs in 

forming metal in the form of diffused necking followed by localized necking and as well as final 

failure. The materials properties like, strain rate sensitivity parameter (m), stain hardness exponent 

(n), the anisotropy parameter (r), the grain size and as well as strain path have great role in 

determination of forming limit diagram (FLD). Since the actual strain path do not have a good 

agreement with the experiments [46].   

There are many studies were involved on the formability behaviour and forming limit diagram 

(FLD) behaviour of the materials. Palmeth et al. (2013) [47] studied the stretch formability 

behaviour of H240LA steel sheets and observed that FLD behaviour of steel sheet which defines 

formability under different state of deformation. The necking limit strain (FLC, forming limit 

curve) indicates the materials stretch forming status before fracture.  

Kang et al.(2009) [48] studied the relationship between the stretch formability and work hardening 

of Mg alloy at room temperature. In his study, he observed that the linear relationship between 

stretch formability and work-hardening capacity, represented by the invers of yield ratio.  

Holmberg et al. (2004) [49] observed the forming limit properties of sheet metal. The forming 

limit in plane was determined by developing a test procedure. The tests were carried out in a tensile 

testing machine. The specimen shape and the forces arrangements were essential in order to get 

successful tests. The study involves both the numerical and experimental work. The appropriate 

specimen design was found by performing simulations. Mild steel and High strength steel were 

included in the study. The accuracy of the simulations depends on the quality of the material 

properties given as input to the simulations. Material properties for sheet metal forming are stress-

strain relations describing the work-hardening of the material and forming limits are of main 

interest. A test procedure for determining the complete left-hand side of FLC by tensile tests was 

outlined. By altering the geometry of the specimen, different strain conditions are achieved. The 

right-hand side of the FLC cannot be determined by this procedure. The short free length of the 

specimen and the high stiffness of the testing machine enabled stable test performance and thereby 

recording of the complete stress-strain curve, including the softening branch. The test procedure 

can therefore be used for development and verification of fracture mechanics models.  

Chen and Lin (2007) [50] investigated the effects of process parameters on the formability of deep 

drawing of rectangular cups of SUS304 stainless steel using both the simulations and the 

experiments. The material properties, the shape of the blank, die corner radius, punch radius etc. 

affect the material flow rate. Stress-strain curve was determined by performing the tensile tests on 
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the specimens made of 0.61mm thick sheet which was cut along planes coinciding with the rolling 

directions of (0°), 45° and 90° and the FLD was determined using sheet specimens with widths 

ranging from 20mm to 140mm with an increments of 20mm by conducting hemi-spherical punch 

draw tests for SUS304 stainless steel. In the location closest to the fracture for each specimen, the 

major strain and minor strain were recorded. For the prediction of fracture in the finite element 

analysis, the design curve was used as the failure criterion. The process parameters are identified 

like punch radius, die radius, die corner radius, clearance and the length to width ratio. 

Rodrigues et al. (2007) [51] compared the formability behaviour of friction stir welded aluminium 

blanks with wide weld beads and Laser steel welded blanks with narrow weld beads. A tailor-

welded blank of 1mm thick is prepared by considering similar and dissimilar conditions of the two 

steel alloys (DC06 and DP600) and two aluminium alloys (AA 5182-H111 and AA 6016-T4) 

Steel. Circular specimens with 200mm diameter were extracted from the parent material sheets 

from TWBs to perform formability tests. By using a specially developed Deep-Drawing 

laboratorial testing device to work in a classical tensile test machine, the formability behaviour of 

the TWBs was analysed. The hardness between the welds and the base materials, for both similar 

welds, induced very small changes in mechanical properties in weld area in this case. For the 

dissimilar weld it is possible to expect a relatively good homogeneity in macroscopic mechanical 

properties for both similar and dissimilar aluminium TWBs. The formability tests of the AA 5182-

H111 and AA 6016-T4 base materials and its similar welds show that they suffer strong wrinkling 

associated with severe changes in microstructure of the material, thickness of the weld relative to 

the base material, which induces non-homogenous behaviour of the blank and surface finishing.  

Jose (2009) [52] examined the formability curves of AZ31 magnesium alloy sheet under the 

influence of forming process temperature, using the strain gradient evolution model predicting the 

forming limit curve from material plastic properties and initial thickness imperfections. The 

conclusions drawn by comparing the theoretical strain gradient with the experimental results of 

FLC of AZ31 magnesium alloy sheet deformed at high temperatures were: 

1. By adopting a normalized strain gradient equal to 9, the above correlation was reasonably 

good. 

2. At the beginning of diffuse necking or at the uniform deformation stage in the sheet metal 

forming, the strain gradient for the inception of local necking was predicted. 

3. The work hardening coefficient, n-value and the strain rate sensitivity, M-value influence 

the FLC. 

4. At high temperatures, the formability of AZ31 Mg alloy can be characterized by the 

measurement of M-value.  
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Reza et al. (2012) [53] studied the effects of punch and die temperature on the formability of a cup 

shaped AA3003 aluminium alloy sheet. The formability improves as the temperature difference 

between the punch and the die increases. Also the forming speed does not affect localized necking 

for the given punch velocities in the study. The simulations were captured for both punch force 

and failure location. The important parameters to control the thickness reduction in the blank were 

identified as friction and blank holder force. The finite element analysis model was validated with 

the selected experimental cases. 

2.5 Research gap 

Stretch formability of sheet metals depends on temperature of sheets. Increase in sheet metals 

temperature increase the stretch formability, but ductility of sheet metals were observed at elevated 

sheet temperature from the existing literature. To overcome the excessive ductility of sheet metal, 

annealing in between elevated temperature and room temperature was needed.    
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CHAPTER 3 

MATERIAL AND METHODOLOGIES 

3.1 Materials 

The Material selected for this study was AA6023-T6 alloy sheet which have 2 mm thickness. 

AA6023-T6 alloy sheet has many application area in modern manufacturing industries. The 

products manufactured from the sheet metal by stretch forming process depend on the type of 

materials used. AA6023-T6 alloy has good mechanical properties and light weight that increase 

the application in automotive, aerospace, and aircraft compared to other metals.  

3.2 Methodologies 

Many different theories were formulated for analysis of stretch forming process and there were 

many approaches existed for analysis of the material behaviour of the deformation process. For 

this study some of sheet metal forming analysis approaches were used to evaluate the mechanical 

property of AA6023-T6 alloy sheet with experimental and theoretical. The general following 

diagram for evaluation of stretch formability of AA6023-T6 alloy sheet is indicated in Fig 3.1. 
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Figure 3.1 General follow diagram of stretch formability evaluation 
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3.3 Heat treatment process  

Heat treatment is heating and cooling operations used to bring about a desired change in the 

physical properties of the materials. Its purpose is improve the structural and physical properties 

for some particular use or for future work of the metal. There are five basic heat treating processes: 

hardening, case hardening, annealing, normalizing, and tempering. For this study the annealing 

process was selected. Although each of the processes bring about different result in the metal, all 

of them involve three basic steps: heating, soaking and cooling [4]. 

3.3.1   Annealing process 

AA6023-T6 alloy sheet was annealed to relieve its internal stresses, soften, made ductile and refine 

its grain structure. AA6023-T6 alloy sheet was annealed by heating to the temperature of 400oC, 

and held at 400oC temperature for 90 minutes and cooled back to room temperature. The cooling 

process for annealing done by burying the hot par in sand, ashes, or some other substance that does 

not conduct heat. Cooling process of AA6023 alloy sheet specimens was done by furnace cooling.  

3.3.2 Heating process 

Many alloys change structure when they were heated to specific temperature. For this study 

AA6023-T6 alloy sheet was heated at 4000C to observe change in mechanical properties.  

3.3.3    Soaking process 

Once AA6023 alloy parts heated to the temperature of 400oC at which changes in structure takes 

place, it must remained at that temperature until the entire part evenly heated called soaking 

process. The soaking time used for this work is 90 minutes. 

3.3.4 Cooling process 

After AA6023 alloy parts properly soaked, the third step is cool process. Here again, the structure 

may change from one chemical composition to another, it may stay the same, or it may revert its 

original form. An alloy after heating may stay the same during cooling deepening on the type of 

alloy and the rate of cooling. For this study the furnace cooling process was done. 

3.4 Microstructure and hardiness tests 

Microstructure of AA6023-T6 alloy sheet were studied by optical microscope. Optical microscope 

(model Huvitz HR-300 series) was used for microstructure testing process. The samples tested was 

prepared in to smaller size and mounted on the polyester resin and polished with silicon carbide 

papers and oral suspension of diamond paste. Before microstructure test the polished sample were 

etched with Keller’s enchant. The procedures for specimen’s preparation of microstructure test:    

a) Cutting of the specimens in to small pieces for mounting process 

b) Mounting with polystyrene resin 
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c) Polishing the samples with different grit size of sand papers 

d) Polishing the samples with silicon carbide paper with diamond suspension 

e) Washing and drying the samples until the finest surface finish reached 

f) Etching  samples in to Keller’s etchant 

g) Conducting the test  

3.4.1 Mounting process 

The polystyrene resin powder was added to the opening of the mounting device shown in Fig 3.2 

the samples was placed to the opening of device before adding of the resin powder. After adding 

of resin powder, the piston of the device lowered and the compression piston locked to avoid the 

opening of the piston. The powder and the samples of AA6023-T6 alloy sheet was mounted 

together inside of the device by exerted pressure and heat. After mounting the automatic cooling 

process was performed inside the device. Then after samples were ready to proceed the next 

process.  

 

Figure 3.2 Mounting press machine 

3.4.2 Polishing and etching process 

AA6023-T6 alloy sheet samples were polished using high performance diamond suspension on 

rotating silicon carbide paper as shown in Fig 3.3. After proper polishing the samples were 

immersed in to Keller’s etchant shown it Table 3.1 for 15 seconds.    
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Figure 3.3 Rotating silicon carbide paper with diamond suspension 

Table 3.1 Keller’s etchant used for microstructure observation 

Keller’s etchant  Concentration   Condition  

Methanol  25 ml  

 15 seconds  Hydro-chloric acid 25 ml 

Nitric acid 25 ml 

Hydrofluoric acid  1 drop 

 

3.4.3 Hardness tests  

Vickers hardness (VHR) test was conducted to check the difference between hardness of annealed 

sheet samples at 4000C and at room temperature. The Vickers hardness test used a square-based 

pyramid diamond indenter with an angle of 1360 between the opposite face at the vertex, which 

was pressed in to the surface of the test piece using 10 kg and 5 kg forces. There was five trials 

performed for each samples and the average hardness (HV) was taken. 
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3.5 Uniaxial tensile test 

Uniaxial tensile test was used to determine the reaction of AA6023 alloy sheet metal at room 

temperature and after annealing at temperature of 400oC with 90 minute soaking time. In tensile 

test, sample was typically pulled to its breaking point to determine the ultimate tensile strength of 

the sheet. The amount of load applied to the specimen and the elongation of the specimen were 

measured throughout the testing process. The properties of a materials were expressed in terms of 

stress, which is the ratio of applied force to the area and strain, which was the percent change in 

length. To obtain the result of stress during the test, the force measurements were divided by the 

sample’s cross-section area as shown in equation 3.1 and the value of strain is also obtained from 

equation 3.2 [4], by dividing change in length to the original length of the specimen. Both the 

value of stress and strain presented on X-Y plot or stress-strain curve.  

s= 
F

A
  ...………………………….………………..3.1 

e= 
ΔL

L
 ……………………………………..………3.2 

3.5.1   Sample preparation  

The standard specimen used for uniaxial tensile test was shown in Fig 3.4 and the ASTM E 8 M – 

638 standard dimensions were listed in Table 3.2. The specimens are prepared by cutting three 

different orientation from 2mm thick aluminium alloy with AA6023 series sheet in the orientation 

of rolling direction (00), transvers direction (900) and diagonal direction (450).  

 

Figure 3.4 Typical specimen for tensile tests 

Table 3.2 ASTM E 8 M – 638 Standard dimensions of tensile test specimen [54] 

 

 

 

 

 

 

 

Dimensions mm 

Gauge length, G 50 +/- 0.1 

Width, w 12.5+/-0.25 

Thickness, T 2 

Radius, R 12.5 

Length of cross-section, A 75 

Length of grip section, B 50 

Width of grip section, C 25 
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3.5.2   Experimental setup  

The specimen for uniaxial tensile test was held by top and bottom griper attached to ISO 68982-1 

universal testing machine shown in the Fig 3.5. The piston speed of the machine was automatically 

adjusted with the dimensions of the specimens. During the tension test, the grips were moved a 

part at constant rate to pull and stretch the specimen. The force on the specimen and its 

displacement was continuously monitored and plotted on a stress strain curve until fracture. The 

measurements, tensile strength, yield strength, and ductility were calculated after the tensile test 

specimen broken. The test specimen put back together to measure the final length, then this 

measurement was compared to the original length of the specimen. The same manner to final cross-

sectional area of the sample compared to the initial cross-sectional area. 
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Figure 3.5 ISO 68982-1 Uniaxial tensile testing machine 

3.5.3    Stress-strain relationship  

During tensile test, the dimensions of the specimen changes with the deformation process, hence 

true quantity are better indicator of the engineering quantities. The engineering quantities of strain 

and stress are depend on the original dimensions of the sample. From tensile test, the value of the 

progress of load and change in length per time was used to calculate the engineering strain and 

stress. The original length, ‘L’ is taken from original gauge length from the standard sample.  

Engineering strain, e = 
ΔL

L
 …….……………………………….……….3.3 

Engineering stress, S = 
F

A
 ……………………………………………...3.4 
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The value of true strain and true stress are not depends on the original dimensions of the samples. 

True strain, e = 𝑙𝑛 (1+e) …………..………………………………….…….3.5 

True stress, s = S* (1+e) ……………………………………………….......3.6 

3.5.4 Strain hardening  

When a ductile material undergo the plastic deformation, the strength of the material increase. This 

phenomenon is called the strain hardening. Hollomon equation describes the strain hardening 

behaviour of sheet metal deformation. The Hollomon’s equation was given by: 

s = Ke n
…………………………………….……….3.7[4] 

where, ‘s’ is true stress, for particular true strain ‘e’, ‘k’ is the materials strength coefficient, and 

‘n’ is the material work hardening coefficient. The strain hardening exponent ‘n’ is used to measure 

the amount of strain hardening. It is a constant value calculated from the slope of natural 

logarithmic value of true strain-true stress graph. The natural logarithmic value of true strain and 

true stress was selected from the value in between yield strength and ultimate tensile strength. To 

plot the graph between 𝑙𝑛 (𝜎) and 𝑙𝑛 𝜀, the equation, 𝑙𝑛( 𝜎) = 𝑙𝑛(𝑘)+n𝑙𝑛( 𝜀), used in the same 

way of the equation of line: 𝑌 =  𝐶 + 𝑚𝑋 

Start of necking

   

                                                                                          𝑎  

                                                                                                  𝑏 

Slope, n = a/b 

 

 

Figure 3.6 Schematic graph of Natural logarithmic of true stress-train 

The formability of the sheet metal depends on the stain hardening coefficient value.  A metal with 

larger value of strain hardening coefficient ‘n’ value has good formability than a materials with 

low value of strain hardening coefficient, because, the metal with highest value of strain hardening 

coefficient ‘n’ resist the increase in necking and it allows stretching farther before necking starts. 

Increasing the ability of metal to be elongated before necking increase the formability of the sheet 

metal. 
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3.5.5 Hill 1948 yield criterion 

Rodney Hill in 1948 proposed an anisotropic yield criterion which was an extension of Von- Mises 

criterion. The anisotropy is termed as the directionality of the properties and it is associated with 

the variance of ionic spacing with in the crystallographic direction. For example, the crystal grains 

were oriented in the deformation specific directions making the- materials anisotropic in the case 

of permanent plastic deformation. Many anisotropic materials are validated using the Hill’s Yield 

criteria. The general Von Mises yield criterion for isotropic material is expressed as: 

(s11 – s12)
2 + (s22 – s33)

2 + (s33 – s11)
2 + 6(s12

2 + s23
2 +s31

2) = 6k2………………..3.8 

This criterion has validated the plastic potential of many common materials which undergo 

uniform deformation in all directions. The Hills Yield criterion used to determine the initial yield 

surface and the equivalent plastic strain. In his equation, Hill considers tensile stress and 

compressive stress at the same yield stress and the homogenous quadratic with no single shear 

stress occurs linearly. Also there is no hydrostatic pressure effect on yielding. Hence, the plastic 

potential assuming the orthogonal principle axes as reference takes the form: 

2f = + F (s22 – s33)
2 + G (s33 – s11)

2 + H (s11 – s12)
2 + 2Ls23 +3Ms31

2 +2Ns12
2…..3.9 

At this condition the anisotropy of the material is given from the constants F, G, H, L, M, and N 

of equation 3.11. The normal yield stress determined experimentally are: 

F = 
(σ0)

2

2
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1

(σy
22)2 +

1

(σy
33)2 −

1

(σy
11)2]…………………3.10 

F = 
(σ0)

2
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1
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22)2]…………………3.11 

F = 
(σ0)

2
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1

(σy
11)2 +

1

(σy
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1

(σy
33)2]…………………3.12 

The shear stresses are: 

L = 
3(τ0)

2

2(τy
23)2……………………………...3.13 

M = 
3(τ0)

2

2(τy
31)2……………………………...3.14 

N = 
3(τ0)

2

2(τy
12)2

……………………………...3.15 

Where, σ0and τ0are the reference stresses. The equivalent stress for the yield criterion is given by: 
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𝜎 = √F(𝜎22 − 𝜎33)2 + G(𝜎33 − 𝜎11)2 + H(𝜎11 − 𝜎22)2 +  2L(𝜎23)2 + 3M(𝜎31)2 + 2N(𝜎12)2…

………………3.16 [4] 

3.6 Plastic strain ratio  

When a sheet metal is subjected to either tensile or compressive load, thinning or thickening occur, 

this thinning or thickening is opposed by the sheet metal during load application. The parameter 

that shows the ability of sheet metal to resist the thinning or thickening is the value of (r) or plastic 

strain ratio. Within the polycrystalline metal the plastic strain ratio is related to selected 

crystallographic orientation and it is a plastic anisotropy measure. The formability of sheet metal 

depend upon the resistance of thinning or thickening. The shapes formed by deep-drawing process 

have cylindrical flat-bottom cups because of resistance of thinning or thickening of sheet metal. 

The plastic strain ratio is useful for evaluating materials selected for forming different shapes 

geometries. On uniaxial tensile test of plastic strain ratio, the specimen pulled between gripers to 

the length direction and change in gauge length and thickness is recorded. Analytically the plastic 

strain ratio ‘r’ is the ratio of true width strain to true thickness strain.  

r = 
𝜺𝑤

𝜀𝑡
…………………...…….3.18 

Where, 𝜺𝑤 and 𝜀𝑡  are the strain in width and thickness direction respectively, and the vales of 𝜺𝑤  

and 𝜀𝑡 are calculated by using equation 3.19 and 3.20 respectively. 

𝜀𝑤= 𝑙𝑛( 
𝑤𝑓

𝑤𝑜
 ) ………………….…...3.19 

𝜀𝑡  = = 𝑙𝑛( 
𝑡𝑓

𝑡𝑜
 )…………………….…….3.20 

Assuming that there is no change in volume or at constant volume during test, the plastic strain 

ratio calculated by the following formula. 

r = 
𝑙𝑛( 

𝑤𝑓

𝑤𝑜
 )

𝑙𝑛( 
𝐿𝑜𝑤𝑜
𝐿𝑓𝐿𝑓

 )
………………………….3.21 

The plastic strain ratio values was measured by digital calliper at 2% elongation and calculated by 

plastic strain ratio formula using in the equation 3.18 to equation 3.21. 

3.6.1 Experimental setup  

In tensile stress testing, the value of plastic strain ratio is associated with gradient of corresponding 

component strain plot. When the plot of strain is linear the value of plastic strain is constant, so 

that in the ratio, total plastic strains may replace incremental strain. The ASTM-E517 standard 
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specimen used for the test of plastic strain ratio is shown in Fig 3.7. The dimensions of the 

specimens are listed in Table 3.3. The specimens are prepared by cutting three different orientation 

from 2mm thick aluminium alloy with AA6023 series sheet in the orientation of rolling direction 

(00), transvers direction (900) and diagonal direction (450). In plastic strain ratio test, the length 

and width of the specimen are not critical. But, special care was taken to stretch the gage section 

in uniform manner to avoid griper effects and anomalous change along gauge length. 

 

Figure 3.7 ASTM-E517 standard specimens for plastic strain ratio test 

Table 3.3 ASTM-E517 Standard dimensions of specimens for plastic strain ratio test [54] 

 

 

 

 

 

 

The experimental set up for the test of plastic strain ratio is shown in Figure 3.8. 

 

Figure 3.8 Experimental set up for plastic strain ratio test 

Dimensions mm 

Gauge length, G 50 +/- 0.1 

Width, w 12.5+/-0.25 

Thickness, T 2 

Radius, R 12.5 

Length of cross-section, A 75 

Length of grip section, B 50 

Width of grip section, C 25 
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3.6.2 Procedure of experiment  

1. The original width of the specimen, wo is marked to dimension of 2 millimetre at the mid- 

point of the specimen. 

2. The original length of the specimen, lo is marked to dimension of 2 millimetre at the mid- 

point of the specimen 

3. The specimen pulled axially until 2% elongation, then the process was stopped.  

4. The final width wf, and gauge length lf, is measured in similar manner to initial 

measurements. 

3.7 Simulation details  

Finite element method was used for numerical analysis of sheet metal forming operations. The 

numerical analysis of stretch forming process was done by PAM STAMP 2G software. The input 

model consists of die, blank, blank holder, draw and punch   have been constructed in pre-

processor. The punch, die and blank holder has been considered as rigid body. The fine meshing 

has been done on the surface of die, blank holder and punch, since, the blank has been considered 

as a deformable body. The assembly of LDH setup in PAM STAMP 2G is shown in Fig 3.9. 

 

Figure 3.9 Assembly of LDH setup in PAM STAMP 2G with blanks 

In a LDH test, the blank with 2mm thickness is deformed by a hemispherical punch (diameter: 

101.6 mm) inside opening of a die with 105.9 mm diameter. For simulations process, five tests 

with different size of blanks were used for each (00), (450) and (900) orientation of samples. Fig 

3.10 indicates the dimensions of each blanks used for LDH tests. The tools required for LDH test, 

punch, die, blank holder, draw bead, and blank generated in solid works, a CAD packages, and 

meshed using delta mesh facility in PAM STAMP 2G. Both Hollomon’s strain hardening law and 

Hill’s 1948 isotropic hardening yield criterion were used as the plasticity model. The coefficient 

of friction m in the process used to alter the amount of-lubrication during deformations. The blank 
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was as the active body and the punch force used was 80 KNs  to avoid the drawing and tearing 

near draw beads during forming prediction.  

        100x200          125x200            150x200                175x200                     200x200 

 

 

 

 

 

Figure 3.10 Schematic representation of blanks and their dimensions for LDH tests 

3.7.1 Forming parameters for LDH tests  

 The main forming parameters used were the coefficient of friction m, punching force, and forming 

speed. The assumptions of parameters are listed in the Table 3.4.  

Table 3.4 Forming parameters for LDH tests 

Parameters  values 

Hemispherical punch radius  101.6 mm 

Die profile radius  105.9 mm 

Blank material AA6023 – T6 

Blank thickness 2 mm 

Punching force 80 KN 

Blank holder force 80 KN 

Forming speed  10 mm/s 

Coefficient of friction 0.2  

Element type  4 node rectangular 

 

3.7.2 Thickness gradient based necking criterion  

A thickness gradient based necking criterion was used to obtain the displacement at the failure of 

the blanks. This thickness based necking criterion was found from the experiment that necking 

occurs in the sheet metal when the thickness gradient or the ratio of thickness of neighbouring 

element falls below 0.92 [50]. Hence, in the present simulations the necking elements were 

considered as the element pair where the thickness ratio equals or below 0.92. Necking can be 

understood as a thinning phenomenon and it basically perceives necking as localized thinning 

phenomenon. A localized thinning region within deforming sheet, where a steep gradient in 
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thickness develops. A local critical thickness gradient (𝑅𝑐) must exist at the onset of a local visible 

neck. In the simulations, the thickness gradient developed in the adjoining element of size 2-5 mm 

was mentioned, when this gradient (𝑅actual) drops below a critical values, it is calculated that the 

local necking has initiated in the element where thickness is lowered. When the necking criterion 

satisfied the maximum load and displacement at failure were noted. A similar procedures was 

followed for all samples in longitudinal, transvers and 45 degree oriented during LDH tests. 

Thickness gradient based criterion is related to the physical necking phenomenon and hence can 

be associated with FE simulations directly. This limit strain criterion is sensitive to the meshing 

size of the element. From the previous studies it was found that the meshing size should be (1 – 5 

mm) to follow this necking failure criterion. Mesh size for FE simulation used in this study was (2 

mm) to overcome the sensitivity of the limit strain criterion. The schematic illustration of the 

applicability of this criterion is shown in Fig 3.11 [55]. 

 

Figure 3.11 Schematic illustration of thickness gradient – based necking criterion [55] 

 

 

 

 

 

 

 

 



26 
 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Chemical composition  

Table 4.1 Chemical composition of AA6023-T6 alloy sheet 

Chemical composition 

Si Fe Cu Mn Mg Bi Sn Residuals Al 

0.57% 0.5% 0.19% 0.24% 0.41% 0.3% 1.2% 0.59% 96% 

The chemical composition of AA6023-T6 alloy sheet used in this study was found form x-ray test 

shown in the Table 4.1. 

4.2 Tensile properties  
Mechanical properties of AA6023-T6 alloy sheet are obtained from uniaxial tensile test. Figure 

4.1 and 4.2 shows the uniaxial tensile test samples before fracture and after fracture respectively. 

 

Figure 4.1 Uniaxial tensile test samples before fracture 

From uniaxial tensile tests, the mechanical properties are evaluated and discussed in the followed 

topics including the simulation results of the LDH of the sheets. Figure 4.2 shown blow indicates 

the fracture behaviour of the sheet metal at different directions. For the rolling direction (RD) there 

is inclined fracture at some angle. For 450 orientation there is parallel fracture with respect to the 

orientation. And for transvers (TD), perpendicular fracture to the rolling direction. In general there 

is some necking observed in all case of the samples. 
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Figure 4.2 Uniaxial tensile test samples after fracture 

Table 4.2 gives the property of AA6023-T6 alloy sheet used for simulation of stretch formability. 

The mechanical properties and anisotropy value shown in Table 4.2 are the average experimental 

values obtained from tensile test and plastic strain ratio test. The material used has 2mm thickness 

and density, ρ(2.8x10-6 kg/m3), poison’s ratio, γ(0.33),  and young modules E(68 Gpa) values are 

taken from aluminium alloy standard values.  

Table 4.2 Mechanical property of AA6023-T6 alloy sheet at room temperature 

Orientation 

of samples 

UE 

(mm) 

UTS 

(MPa) 

𝜎𝑦𝑠 

(MPa) 

K 

(MPa) 

 

n 

 

R0 

 

R45 

 

R90 

00 0.38 200 ±9 180±3 313±40 0.132  

0.49 

 

 

0.68 

 

 

0.56 

 

450 0.54 208 ±4 190±18 338±20 0.134 

900 0.52 212±12 200±12 358±20 0.133 

Heat treatment of the aluminium alloys causes change in mechanical and anisotropy values. Table 

4.3 indicates the value of mechanical properties and plastic anisotropy of AA6023-T6 alloy sheet 

after annealing at 4000C with one and half hours soaking time. 

Table 4.3 Mechanical property of AA6023-T6 alloy sheet after heat treatment 

Orientation 

of samples 

UE 

(mm) 

UTS 

(MPa) 

𝜎𝑦𝑠 

(MPa) 

K 

(MPa) 

 

n 

 

R0 

 

R45 

 

R90 

00 0.19 206±13 170±17 326±33 0.149  

0.43 

 

 

0.58 

 

 

0.47 

 

450 0.21 197±2 168±5 323±16 0.162 

900 0.25 193±6 166±7 315±28 0.155 
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4.3 Evaluation of microstructure  

The result of microstructure tests indicating the difference between the AA6023-T6 alloy sheet at 

room temperature and annealed sheet at 4000C. Figure 4.3 show the microstructure of sheets at 

room temperature and annealed sheet at 4000C.                                                      

 

 

 

                

 

 

  

                                                                     200µm                                                                                      200µm                                                               

(a)                                                                                                 (b)  

Figure 4.3 Polished surface of AA6023-T6 samples: (a) before etching process and (b) after 

etching process 

Polished surface shown in Fig 4.3 (a) show the effect of annealing on the sample of alloy sheet. 

There is refined microstructure of sample as well as good surface compared to room temperature 

sample.  

4.4 Evaluation of hardness 

Observation form Vickers hardness (VHR) test, there is change in hardness of alloy sheets at room 

temperature and after annealing at 4000C. For each samples five trials was performed with varying 

5 kg and 10 kg load. Figure 4.4 indicate the surface of sample which hardness test was performed. 

Also Tables 4.5 and 5.6 show the trials of test for annealed and at room temperature samples.  
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Figure 4.4 Surface of hardness tested sample with 10 kg load 

Table 4.4 Trails of hardness tests for room temperature sample 

Hardness Trail - 1 Trail - 2 Trail - 3 Trail - 4 Trail – 5 Average 

 

HV 

5 kg 51.5 50.6 51.7 52.8 50.6 51.44 

10 kg 101.1 103 50.6 103.3 105.6 92.72 

 

Table 4.5 Trails of hardness tests for annealed sample 

Hardness Trail - 1 Trail - 2 Trail - 3 Trail - 4 Trail - 5 Average 

 

HV 

5 kg 49.6 24.2 25.2 25.2 49.6 34.72 

10 kg 99.2 48.1 50.4 51.2 99.2 69.62 

The difference between average hardness value (HV) of room temperature and annealed sample 

for 5 kg load is 16.72 and the difference between average HV of room temperature and annealed 

sample for 10 kg load is 23.1. Therefore, by taking the percentage average value of two different 

load conditions, the total reduction of hardness during annealing process is 0.2 %. 

   

 



30 
 

4.5 Evaluation of true stress-strain curves  

The flow curve data obtained from nine tensile tests for normal (at room temperature) and nine 

tensile tests for heat treated (annealed), totally eighteen tensile tests for three different directions 

relative to rolling directions (RDs). Figures 4.5 and 4.6 show the true stress – true strain curves for 

annealed and normal samples respectively. The material’s tensile data obtained from Fig 4.5 and 

4.6 were used later in PAM STAMP 2G software for simulations.  

 

Figure 4.5 True stress – true strain curve for samples at room temperature 

 

Figure 4.6 True stress – true strain curve for annealed samples at 4000C 

Figures 4.5 and 4.6 show the direct proportionality of the true stress with true strain. When stress 

value increased, true strain value are also increased. For a samples at room temperature, the 

increase in strain value is less for 450 direction samples and 900 (TD) samples compared to 00 

longitudinal direction (LD) samples, which is less than true strain value of heat treated samples. 

For 450 and 900 oriented samples fracture occurs earlier than 00 (LD) sample at room temperature. 

The comparison between true stress – true strain curves on Fig 4.4 with true stress – true strain 
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curves on Fig 4.5 indicates the increase in values of true strain for annealed samples. This 

relationship indicates the ductility of the sheet metal increased with annealing process. When the 

ductility of sheet metal increased, it obtain good formability.    

4.6  Evaluation of stress concentration  

Figure 4.7 show the major stress distribution of the blanks of 00 oriented sheets at room 

temperature obtained from simulation of stretch forming test in PAM STAMP 2G. The stress 

distribution around surface and neck of the blank is indicated in red colour. The crack formation 

of the blank also takes place at these stress concentrated surfaces.  

.          

(a)                                                                        (b)  

Figure 4.7 Major stress distribution of the blanks with 00 orientations; (a) major stress 

concentration of 200x200 blank, (b) major stress concentration of 100x200 blank 

The major stress concentration showed in Fig 4.7 (a) and Fig 4.7 (b) above has significant effect 

on stretch formability. The maximum major stress for 200x200 blank in Fig 4.7 (a) is 0.29 MPa 

and its minimum value is 0.0018MPa. At this maximum major stress concentration the crack 

formation was started. The maximum LDH at maximum major stress concentration is 39 mm. The 

maximum major stress concentration for 100x200 blank in Fig 4.7 (b) is 0.28 MPa and its 

minimum value is -0.037MPa. The crack formation was started at this maximum major stress 

concentration. The maximum LDH at this stress concentration is 29 mm. The simulation result 

indicates, 200x200 blank has good stretch formability than 100x200 because, the maximum LDH 

was observe in 200x200 blank. But, maximum major stress concentration on 100x200 blank is less 

compared to 200x200 blank.    
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Figure 4.8 Equivalent stress distribution of the blank with 100x200 00 orientation at room 

temperature 

  

Figure 4.9 Equivalent stress distribution of the blank with100x200 in 00 orientation after 

annealing process 

Figures 4.8 and 4.9 show the equivalent stress concentration for sheets at room temperature and 

annealed at 4000C of 00 orientation. The maximum equivalent stress for 100x200 blank at room 

temperature in Fig 4.5 is 0.26 MPa and its minimum value is 0.0017MPa. The maximum LDH at 

maximum equivalent stress concentration is 26 mm. The maximum equivalent stress for annealed 

100x200 blank in Fig 4.9 is 0.26 MPa and its minimum value is 0.0016MPa. At this maximum 

major stress concentration the crack formation was started the same as in blank 100x200 in Fig 

4.8. The maximum dome height at this stress concentration for annealed blank is 31mm. From the 

observation of LDH, annealed blank at 4000C shown in the Fig 4.9 has maximum LDH, which 

indicate it has good stretch formability than a blank at room temperature. Because, for a blank at 

room temperature condition crack formation is occurring earlier than annealed blank at 4000C. 
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Figure 4.10 Equivalent stress distribution of the blank with 150x200 in 450 orientation at 

room temperature 

 

Figure 4.11 Equivalent stress distribution of the blank with 125x200 in 450 orientation after 

annealing process 

Figure 4.10 show simulated value of the equivalent stress concentration for half sectioned view of 

150x200 blank at room temperature in 450 orientation. The maximum equivalent stress 

concentration shown in red colour and it has 0.31MPa and minimum value is 0.00019MPa. At this 

maximum major stress concentration the crack formation was started due to local thinning. The 

maximum LDH at maximum equivalent stress concentration is 39 mm. The maximum equivalent 

stress for annealed 100x200 blank in Fig 4.11 is 0.29 MPa and its minimum value is 0.005MPa. 

The maximum LDH of annealed blank at maximum equivalent stress concentration is 42.5 mm. 

From LDH, annealed blank shown in the Fig 4.11 has maximum LDH which indicates, it has good 

stretch formability than blank at room temperature. Because, for blank at room temperature 

condition subjected to earlier crack formation than annealing blank condition even if the size of 

blank is smaller. Annealed blank at 4000C has larger stress concentration than blank at room 

temperature, this is occurred due to the difference in size of blanks.    
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Figure 4.12 Equivalent stress distribution of the blank with 100x200 in 900 orientation at 

room temperature 

 

Figure 4.13 Equivalent stress distribution of the blank with 100x200 in 900 orientation after 

annealing process 

Figures 4.12 and 4.13 above show the equivalent stress concentration involved at the surface of 

deformation in blank at room temperature and annealing at 4000C of 900 orientation. The 

maximum equivalent stress for 100x200 blank in Fig 4.12 is 0.29 MPa and its minimum value is 

0.0015MPa. The maximum LDH at this stress concentration for blank at room temperature is 32 

mm. The maximum equivalent stress for 100x200 blank in Fig 4.13 is 0.26 MPa and its minimum 

value is 0.0016MPa. At this maximum equivalent stress concentration the crack formation was 

started due to excessive thinning. The maximum LDH for annealed blank at 4000C is 30.5.  Form 

LDH of the blanks, stretch formability difference is observed. Annealed blank at 4000C in the Fig 

4.13 has minimum LDH which indicate the annealed blank has slightly less formability than blank 

at room temperature. In general, a good stretch formability was observed for annealed sheets at 

4000C. 
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4.7 Evaluation of punch force versus displacement  

The variation of punch force with displacement for annealed sheet at 4000C and sheets at room 

temperature were observed. The analysis was carried out by comparing the punch force and 

displacement of simulation results of heat treated sheets with sheets at room temperature. 

 

Figure 4.14 Punch force with Displacement curves at room temperature of 0 degree direction 

 

Figure 4.15 Punch force with Displacement curves after annealing process of 0 degree direction 

Figure 4.14 above show punch force verses displacement curves at room temperature. In this 

Figure the punch force required for deformation of 100x200 blank before fracture is less than the 

punch force of the other four blanks. The blanks with dimensions of 150x200 and 200x200 lies at 

the same fracture punch force. A blank with dimensions of 125x200 requires slightly less punch 

force until fracture. The punch force has direct proportionality with the displacement of the blanks 

during deformation. With increase of punch force the displacement increase until the fracture, but 

after fracture the displacement increase with decrease of the punch force. Generally the maximum 

displacement value for room temperature sheets at 00 oriented is less than 100mm except a blank 

0

20

40

60

80

100

0 50 100 150 200 250

P
n
ch

 f
er

ce
 (

k
N

)

Displacement (mm)

100x200

125x200

150x200

175x200

200x200

0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100 120

P
n
ch

 f
er

ce
 (

k
N

)

Displacement (mm)

100x200

125x200

150x200

175x200

200x200



36 
 

with 175x200, it is in between 200mm. this displacement value of blank 175x200 reduced to 

100mm by annealing process. 

 
Figure 4.16 Punch force with Displacement curves at room temperature of 45 degree direction 

 
Figure 4.17 Punch force with Displacement curves after annealing process of 45 degree 

direction 

Figures 4.16 and 4.17 above show punch force versus displacement curves at room temperature 

for 450 direction samples. From Figures the difference between punch force need for annealed and 

normal samples are clearly observed. In general the punch force needed for corresponding 

displacement of the sheet is maximum (100 KN) to a samples non heat treated. For annealed 

samples the punch force required is 90 KN before fracture occurs. This indicates the deformation 

of the sheets at room temperature need much more punch force than annealed. In both case the 

punch force required to deform the sheet metal until fracture is minimum fore 100x200 size blanks 

compared to the other samples. 
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Figure 4.18 Punch force with Displacement curves at room temperature of 90 degree direction 

 

Figure 4.19 Punch force with Displacement curves after annealing process of 90 degree 

direction 

From the above Fig 4.18 and 4.19 the relation between punch force with the displacement and 

annealing processes are observed. It is similar to 450 direction sample, the punch force is minimum 

to 100x200 size blanks in both case, but in case of heat treated blank the displacement is minimum 

than non-heat treated blank. In general the punch force needed for corresponding displacement of 

the sheet is greater than 100 KN to a samples non heat treated and for annealed samples the punch 

force required is in between 80 and 100 KN before fracture occurs. 
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4.8 Evaluation of thickness distribution  

Thickness distribution of the deformed blank is necessary criteria to chive a good formability of 

the sheet metal. The uniform thickness distribution of the blank has significant effect in 

formability. The thickness distribution of the different blanks are observed from one end of a sheet 

along the major strain direction and normal to the necking region. Fig 4.20 and 4.21 show the 

thickness distribution from one end of the sheet for different size of blanks at 00 orientation sheets 

at room temperature and annealed sheets at 4000C respectively.   

 

Figure 4.20 Thickness distribution of 00 oriented sheets at room temperature 

 

Figure 4.21 Thickness distribution of 00 oriented annealed sheets at 4000C 
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Figure 4.21 show the thickness distribution along strain direction.  Comparison  of curves of sheets 

at room temperature in Fig 4.20 with curves of annealed sheets at 4000C  has uniform thickness 

distribution and the curve of blank 100x200 did not rich the maximum thickness distribution in 

curves of 150x200, 175x200 and 200x200 in both annealed and at room temperature. Curve of 

blank with 125x200 has grater thickness in both case compared to the other curves. 

 

Figure 4.22 Thickness distribution of 450 oriented sheets at room temperature 

 

Figure 4.23 Thickness distribution of 450 oriented annealed sheets at 4000C 

Figures 4.22 and 4.23 above show the thickness distribution of the different blanks from one end 

of a sheet along the major strain direction and normal to the necking region for sheets at room 

temperature and annealed sheets at 4000C in 450 orientation respectively. Comparison between 

curves of sheets at room temperature at Fig 4.22 with annealed sheet at 4000C in the Fig 4.23, 

indicates the uneven thickness distribution for non-heat-treated curves of blanks with different 
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size. A blank with 175x200mm has lager thickness distribution in centre of punch diameter, but in 

case of annealed sheet curve uniform thickness distribution observed. In general at the same punch 

force, the sheets room temperature have less thickness distribution than annealed sheets at 4000C 

at 450 orientation 

 

Figure 4.24 Thickness distribution of 900 oriented sheets at room temperature 

 

Figure 4.25 Thickness distribution of 00 oriented annealed sheets at 4000C 

Figures 4.24 and 4.25 above show the thickness distribution of the different blanks from one end 

of a sheet along the major strain direction and normal to the necking region at room temperature 

and after annealing process for 900 oriented sheets respectively. From the observation of the curves 

between sheets at room temperature at Fig 4.24 with annealed sheets at 4000C in the Fig 4.25, 

indicates there is this difference in thickness distribution. The frequency of curves are smother for 

annealed sheet. 
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4.9 Evaluation of form limit diagram 

The form limit diagram indicates the stretch formability characteristics of the sheet metal. The 

forming limit diagram is also the forming limit curve, which is one of necessary value during 

practical assessment of sheet stretch forming process. Figures 4.26 and 4.27 show the comparison 

between the form limit curves of AA6023 T-6 alloy sheets at room temperature  and  annealed 

alloy sheets and Table 4.6 indicate major and minor strain obtained by thickness gradient based 

necking criterion at LDH.  

Table 4.6 Major and minor strain at LDH for room temperature blanks 

   00 oriented   450 oriented  900 oriented 

Blanks 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Major 

strain 

0.12 0.25 0.30 0.30 0.35 0.13 0.29 0.35 0.28 0.28 0.13 0.24 0.56 0.20 0.28 

Minor 

strain 

0.11 0.23 0.28 0.28 0.32 0.12 0.27 0.33 0.27 0.26 0.12 0.22 0.33 0.19 0.25 

LDH 26 37.2 39 39 39 29.5 38.5 39 39.5 39.5 32 39 39.5 39.5 39 

 

 

                                

 

 

   

 

 

 

 

 

 

                            

Figure 4.26 Form limit curve of AA6023-T6 alloy sheet at room temperature forming 

condition 

Figure 4.26 show the form limit curves of a sheet that predicts the stretch formability of AA6023- 

T6 alloy sheet at room temperature. The distribution of the curves of blanks with different 

dimension to the upper limit curve ULC are scattered. There is some blanks lie above the upper 

limit curve ULC which indicates fracture before the necking. The stretch formability of these 

blanks which have fracture earlier than the forming limit are not acceptable. The earlier formation 
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of fracture caused do to the cold forming condition. The maximum limit dome height LDH 

observed in the stretch formability of blanks under room temperature forming condition for blanks 

with dimension of 150x200, 175x200 and 200x200 is 39.5 mm. From the value of maximum limit 

dome height LDH, these blanks have good formability compared to the others blanks with 

minimum value of limit dome height. Table 4.7 indicate major and minor strain obtained by 

thickness gradient based necking criterion at LDH for annealed blanks.    

Table 4.7 Major and minor strain at LDH for annealed blanks 

 00 oriented 450 oriented 900 oriented 

Blanks 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Major 

strain 

0.20 0.34 0.40 0.43 0.41 0.15 0.25 0.33 0.36 0.42 0.34 0.31 0.36 0.43 0.44 

Minor 

strain 

0.19 0.30 0.37 0.39 0.38 0.13 0.23 0.29 0.33 0.38 0.22 0.28 0.33 0.39 0.40 

LDH 31 40.5 41.5 42 41.5 32 42.5 43 43 43 30.5 41.5 43 43 43 

 

 

 

Figure 4.27 Form limit curve of AA6023-T6 alloy sheet after annealing condition 

Figure 4.27 shows the form limit curves of sheet that predicts the stretch formability of annealed 

AA6023- T6 alloy sheet. The distribution of the curves of blanks with different dimension to the 

upper limit curve ULC are scattered. The distribution of the curves of the blanks are under limit 

of the upper forming limit diagram. This indicates there is no earlier fracture occurred before 

necking. The stretch formability of these blanks which are scattered blow the upper forming limit 

curve UFLC and near to the upper limit curve are recommended blanks for attaining a good 
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formability. The maximum limit dome height LDH observed in the stretch formability of blank 

which are formed after annealing condition with dimension of 150x200, 175x200 and 200x200 is 

43. From the value of maximum limit dome height LDH, these blanks have good formability 

compared to the others blanks with minimum value of limit dome height. The comparison between 

the maximum limit dome heights of the blanks at room temperature annealed alloy sheet shows 

the stretch formability of AA6023-T6 alloy sheets. The average maximum limit dome height LDH 

for room temperature forming condition of the blanks is 39.5mm and the average maximum limit 

dome height LDH is 43mm. Therefore, annealed AA6023-T6 alloy sheet has a good formability 

at annealing temperature of 4000C and 90 minutes soaking time than sheet at room temperature.      
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CHPTER 5 

CONICLUSIONS AND FUTURE SCOPE 

5.1 Conclusions 

From the present work the following conclusions are drawn. 

1. There is refined microstructure observed for annealed at 4000C sample compared to sheet 

at room temperature. Annealing process of AA6023-T6 alloy sheet did not affect the 

microstructure rather than improving. 

2. Annealing process caused the change in hardness of the AA6023-T6 alloy sheet. For 10 kg 

load of test average reduction in HV is 23 and for 5 kg is 17. The average percentage of 

reduction in HV is 0.2 % which is acceptable value for application of sheet.  

3. The thickness distribution of the blanks at room temperature compared to thickness 

distribution of annealed blanks at 4000C from one end of a sheet along the major strain 

direction and normal to the necking region. Therefore, annealed AA6023-T6 alloy sheets 

at 4000C has good stretch formability. 

4. LDH from simulation justified the stretch formability behaviour of AA6023 –T6 alloy 

sheet. A blank at room temperature with dimensions of 150x200, 175x200 and 200x200 

have 39.5mm maximum dome height and blank with dimension of 100x200 and 125x200 

at room temperature have 26mm minimum dome height.     

5. Annealed blanks at 4000C with 150x200, 175x200 and 200x200 dimensions have 

maximum dome height compared to 100x200 and 125x200 blanks at room temperature. 

The maximum dome height observed in simulation is 43mm and minimum 31mm. By 

which, the blanks with dimension of 150x200, 175x200 and 200x200 have good stretch 

formability compared to blanks with dimension of 100x200 and 125x200 at room 

temperature.    

6. The comparison between stretch formability of AA6023-T6 alloy sheet at room 

temperature and annealed sheet at 4000C shows, AA6023-T6 alloy sheet at room 

temperature has 39.5mm maximum dome height and annealed sheet at 4000C has 43mm 

maximum LDH, therefore, annealed sheet has good stretch formability. 
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5.2 Future Scope 

1. Conducting experimental work for stretch formability and compering with simulated 

results can better explain the stretch formability. 

2. Different annealing temperature can be used to get better stretch formability 

3. Modern industries like: automotive, aircraft and aerospace can use the results obtained 

from this study to get better stretch formability  

4. Different forming speed can be used to obtain better stretch formability 

5. Optimization of forming parameter can be used to gate better stretch formability of sheet 

metals  
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