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ABSTRACT 

 The use of an alternative material to manufacture lightweight and 

functional improved components is a trend of modern automobile industry. 

Titanium and its alloys seem to be a marvelous choice as they are light in weight 

and provide outstanding corrosion resistance, low density and high strength. 

However, due to the high cost of raw material and poor machinability, the 

applications of titanium alloy sheets in the automobile or aircraft industry seem 

to be limited. To tackle these problems, by combining the advantages of titanium 

alloy and tailor-welded blank technology, forming titanium tailor-welded blanks 

(Ti-TWBs) at elevated temperatures is expected to be one of the solutions. The 

primary objective of this project is to develop a method of failure analysis for 

titanium tailor-welded blanks under multi-stage forming process. This project 

aims to develop a reliable failure prediction model based on damage mechanics 

together with the experimental validation and material analyses that should 

enable the acquisition and validation of the formability for Ti-TWBs at elevated 

temperatures under the multi-stage forming process. With the aid of the 

experimental results (i.e. structural deformation and mechanical properties of 

Ti-TWBs under complex loading paths at elevated temperatures) and theoretical 

analyses, a damage-based failure model is then developed to examine the 
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deformation behaviors for Ti-TWBs under the multi-stage forming process. It 

was found that a temperature of around 550°C did improve the elongation of 

Ti-TWBs significantly. 

 An experimental measurement system developed by Chow et al. was then 

modified and systematically employed to acquire the distinctive material 

properties, mechanical data and damage variables for each material region of a 

TWB, i.e. base metal, heat affected zone and weldment. Such data were then 

implemented with other material properties which measured experimentally into 

the forming simulations of Ti-TWB in a general-purpose finite element package.  

The formability analysis and prediction of Ti-TWBs under multi-stage 

forming process was then predicted by using the damage model. The model is 

based on an isotropic damage mechanics with temperature dependent effect. The 

thermal-dependent damage parameters and mechanical properties of tested 

materials under various temperatures (i.e. stress-strain curves, effective Young’s 

modulus and effective Poisson’s ratio) were employed to simulate the damage 

evolution and deformation behavior of the captioned materials during the thermal 

process. A damage criterion for localized necking was proposed not only for 

proportional loading but also for non-proportional loading conditions. This 

model was not only to simulate the whole forming process of sheet metal, but 
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also to predict the occurrence of localized necking and final fracture of the 

formed component. In order to conduct a more accurate formability diagram, as 

well as to verify the developed prediction model, both theoretical and 

experimental investigations were then conducted, and the obtained data and 

findings were systematically analyzed using statistical methodology. The 

predicted failure locations, FLDs and the stress-strain relationship of Ti-TWBs 

were determined accordingly after simulations. Validation of the results obtained 

from the simulations and experiments were then compared for the evaluation of 

reliability and accuracy. Quite a satisfactory agreement was found between the 

simulated and experimental results. 

  The significant contribution of the study is to develop a reliable failure 

prediction model that should enable the acquisition and validation of the 

formability for Ti-TWBs at elevated temperatures under the multi-stage forming 

process. This workable approach will certainly facilitate engineers to predict and 

virtually optimize the main technological parameters for forming Ti-TWBs 

before its physical realization. 
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CHAPTER 1  INTRODUCTION 

1.1 Background 

Production of light-in-weight, high strength and fuel-saving products is the 

trend of modern industry. One of the approaches is the use of light materials, such as 

titanium alloys, instead of conventional steels. Light-weight alloys are being used 

widely in different kinds of industries for automobiles, aerospace and domestic use. 

Compared to other light metals such as aluminum alloys and magnesium alloys, 

titanium alloys do have advantages, such as high strength, high working temperatures, 

extraordinary corrosion resistance and competitive light weight [1], although, the 

high cost of titanium alloy prevents it from being used widely in automotive 

applications [2].  

 

In order to meet the approaches of fuel saving and cost-effectiveness, 

tailor-welded blanks (TWBs) technology was developed in the 1980s [3-4]. 

Combining the advantages of both titanium alloys and the tailor-welded blanks 

technology, titanium tailor-welded blanks (Ti-TWBs) have great potential for use in 

other industries, such as in the aircraft, space, marine and military industries [5-6]. 

Although there has been a number of studies published on TWBs, most have only 

concentrated on steel blanks. Thus, there is a great need for a better and more 
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thorough understanding of the formability of Ti-TWBs. 

 

It is well acknowledged that titanium alloy sheets and their TWBs will normally 

characterize a low ductility and yield a very poor formability in process operations 

under room temperature [7]. In recent years, products are becoming increasingly 

complicated in order to meet customer expectations. Superplastic forming (SPF) 

seemed to be a unique solution for producing complex titanium alloys products in the 

past [8]. However, this technique is inefficient in meeting the requirements of high 

production rate and low price. The warm forming of titanium tailor-welded blanks is 

being developed to overcome the aforementioned shortcomings. 

 

In this study, the thermal forming condition of Ti-TWBs was physically 

simulated with a specially designed forming device and temperature controller [9]. 

Different forming temperatures can be chosen to investigate the forming behaviors of 

Ti-TWBs. Using a combination of experimental and theoretical analysis, the 

optimum formability of forming Ti-TWBs can be identified. This research studied 

the accuracy and characteristics of the structural deformation and mechanical 

behaviors of Ti-TWBs under the thermal forming process at different elevated 

temperatures. It is vital for designers and engineers to understand the process fully 
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and to characterize it accurately so that engineers and designers can fabricate 

high-quality heterogeneously structured components successfully and economically. 

 

1.2 Significance and Contributions 

 This project is original and innovative and is of great practical interest in 

relation to the application of Ti-TWB formed product in the aircraft, space, marine, 

military and even automotive industries as new light-weight structures. Using 

Ti-TWBs instead of a single sheet of titanium will definitely lead to further reduction 

in weight and cost in the above industries. As laser welding of Ti-TWBs is becoming 

a more popular process for the manufacturing industries to produce automobiles, 

aircrafts and military parts, it is vital to understand the process fully and characterize 

it accurately so that engineers and designers can fabricate high-quality heterogeneous 

structures components successfully and economically.  

 The significant contribution of the study was to develop a reliable failure 

prediction model based on damage mechanics together with the experimental 

validation and material analyses that will enable the acquisition and validation of the 

formability for Ti-TWBs at elevated temperatures under the multi-stage forming 

process. With the aid of the experimental results (i.e. structural deformation and 

mechanical properties of Ti-TWBs under complex loading path) and theoretical 
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analyses, the damage-based failure model will be developed to examine the 

deformation behaviors for Ti-TWBs under the multi-stage forming process. This 

workable model should be able to assist engineers to predict and virtually optimize 

the main technological parameters for forming the Ti-TWBs before its physical 

realization. 

 

1.3 Scope and Objectives 

The primary objective of this study is to develop a failure prediction model 

based on damage mechanics and material properties so that to characterize the 

deformation behaviors for Ti-TWBs at elevated temperatures. The study aims to 

develop a more robust method of failure prediction, including the formulation of a 

new damage-based failure prediction model, for the multi-stage hot forming process 

of Ti-TWBs. In order to carry out an accurate formability prediction, as well as to 

verify the developed prediction model, both theoretical and experimental 

investigations will be conducted, and the obtained data and findings will be 

systematically analyzed using statistical methodology. The tasks of this study 

include:  
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• Production of high-quality titanium TWBs of different combinations of thickness 

and different welding orientations for various loading directions by optimizing 

different welding parameters.  

• Optimization of multi-stage hot forming of Ti-TWBs, including (i) the 

development of an isothermal process environment equipped with a 

heat-controlled multi-stage forming system, and (ii) the parametric optimization 

of hot forming process to achieve the maximum formability of Ti-TWBs.  

• Development of an experimental system for the acquisition of the 

thermo-mechanical properties and temperature-dependent damage parameters of 

weld material, HAZ and base material. 

• Implementation of the material and failure models in a general-purpose finite 

element package for temperature dependent multi-stage forming operation of 

Ti-TWBs. 

• Validation of the material and failure prediction model by means of the measured 

and predicted failure diagrams and formability of Ti-TWBs under multi-stage 

thermal forming. 
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1.4 Outline of thesis 

 This report is composed of seven chapters. Chapter 1 shows the background, 

objectives, significance and contributions of the study. Chapter 2 describes details of 

previous studies, such as requirements of tailor-welded blanks (Ti-TWBs), 

formability analysis of the forming process at elevated temperatures, integrative 

approaches to the forming of TWBs, the multi-stage forming process of sheet metal 

and problems identification. The theoretical background of this research study is 

described in Chapter 3. Further descriptions of the damage model, effective stress 

and damage effect tensor, constitutive equations of damage evolution and research 

plan are introduced. The detailed methodology and flow of analysis elaborates in the 

Chapter 4. A systematic approach for the failure analysis of the formability study for 

Ti-TWBs under multi-stage forming process is discussed. Chapter 5 illustrates the 

overall experimental plan of this study. This section gives the details of specimen 

preparation, tooling design, and equipment setup for the forming process at elevated 

temperatures. Also, the minute details of laser welding of Ti-TWBs, uniaxial tensile 

test and the forming of titanium base metal and Ti-TWBs are included in this chapter.  

The results by both experiments and finite element analysis for titanium base metals 

and its tailor-welded blanks is described and discussed in Chapter 6. It includes laser 

welding parameters of Ti-TWBs, uniaxial tensile test results of titanium base metal 
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and Ti-TWBs at elevated temperatures. Also, the forming behaviours of titanium 

base metal and Ti-TWBs at elevated temperatures with the aid of the modified 

tooling and temperature control device are discussed. Furthermore, the relationship 

of the stress relieving (SR) and the limit dome heights (LDHs) of Ti-TWBs at 

different forming temperatures are interpreted in this chapter. The context of Chapter 

7 describes the conclusions and the future works. Finally, the related references and 

appendix are attached at the end of this thesis. 
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CHAPTER 2  LITERATURE REVIEW 

2.1 Titanium Tailor-welded Blanks and Applications 

 Tailor-welded blanks (TWB) are structural products that combine different material, 

thickness and mechanical properties [1]. It is becoming an important factor of automotive 

component manufacture, progressing from a simple two-/few-piece sheet metal application 

in the automobile to complex and multi-section side panels in modern motor car 

assemblies since the mid 1980s [2]. TWB was assisted to a great extent to steel and 

automotive industry through different kinds of R&D and collaborative projects to achieve 

the weight reduction and improved the overall performance in automotive components. 

 However, numerous manufacturing difficulties need to be overwhelmed to allow the 

process transferring to practical applications. Since, the component size of both automotive 

to construction products are increasing and a number of manufacturing barriers, such as 

extended weld length, accurate cross-section cutting and substantial clamping, is required 

to review. In one study [3], the surface finish, cost control and blanking distribution have 

been studied. The marketing value and legislation associated with the demand for reduced 

energy consumption and discharged of TWBs were addressed. To minimize the use of 

material and reduce the weight of steel components, tailor-welded blanks presented an 

opportunity to automobile/manufacturing industry. 

 Actually, stamping TWBs in the continuous weld-line and thickness differential often 

result in problem. The effect of gauge mismatch on the formability of aluminum TWBs 
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and steel TWBs were compared and studied [4]. The result shows that the failure at the 

weldment is highly susceptible to the forming process. 

 Titanium, one of the world’s metallic elements, constitutes 0.6% of the earth’s crust. It 

is a light, lustrous, corrosion-resistance metal of a silvery metallic color. Its density is 60% 

and its weight is 43% lighter than steel [6]. One of the most commonly used titanium 

alloys is an alpha-beta alloy containing 6% Al and 4% V, usually referred to as Ti-6Al-4V, 

exhibits an excellent combination of strength, toughness and corrosion resistance. 

Ti-6Al-4V is used widely in aircraft, military, spacecrafts and armor plating, because of its 

light weight, high tensile strength under high temperature and good corrosion resistance [7]. 

It is used in consumer products, such as bicycles, wedding bands and laptop computer case 

[8]. Also, it is commonly use as parts for automobiles, aircrafts and military equipments, 

i.e. fuselage, wings, fore plane, panels and exhaust system etc. 

 The tailor-welded blank (TWB) technology has matured since the 1990s. This 

technology considered the material cost, weight and dimensional accuracy and encouraged 

the appliance manufacturers and automakers to use TWB in the forming operations. The 

main advantage of using TWBs is the reduction of the amount of scrap caused by irregular 

shapes of the blanks. Smaller pieces of metal sheets which form oddly shaped blanks can 

be arrayed easily for better utilization [13].  

 TWB is considered to be one of the structural products that combines different 

materials, thicknesses and mechanical properties [2]. It can be joined by different welding 
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processes, such as tungsten inert gas (TIG) welding [14-15], resistance welding, electron 

beam welding [16], and laser welding [17-20]. Some potential applications of high-power 

laser have been proposed [11] for welding different types of metal sheets, like carbon steel, 

aluminum alloys, magnesium alloys and titanium alloys. Nowadays, the laser welding is 

recommended for fabricating light-weight structures, especially joining titanium alloy 

because of low distortion, small HAZ, narrow weld bead and high consistency [5, 21]. It 

can also be achieved without undercut and porosity [24]. In addition, the laser welding can 

afford a high aspect-ratio bead, low distortion and excellent mechanical properties, which 

allows to create well-designed, advance-performance, and light-weight structures [12, 18, 

21]. Combining the advantages of both titanium alloy and TWB technology, Ti-TWBs 

exhibits its excellent mechanical properties. 
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2.2 Laser welding of Titanium Tailor-welded Blanks 

 Titanium alloy is selected for TWB due to its excellent mechanical properties. Laser 

welding is commonly used to join titanium alloys because of its low distortion, small heat 

affected zone (HAZ), narrow weld bead and high consistency [9-10]. Also, laser welding 

can afford a high aspect-ratio bead, excellent mechanical properties and low distortion, 

which can create well designed, advance performance, light-weight structure. Some 

potential application of high-power laser were proposed [11] for welding different types of 

metal sheets, like carbon steel, aluminum alloys, magnesium alloys and titanium alloys. 

They found that using high power Nd:YAG laser for welding titanium and alloys can 

obtain qualified light-weight products with minimal deformation. Butt welding of titanium 

and its alloy can be achieved without undercut and porosity. High power Nd:YAG laser is 

recommended by some researchers [12] for fabrication of light-weight structures with high 

accuracy dimensions for the aerospace industries. In order to increase the efficiency of the 

welding process of titanium alloys, the statistical and Taguchi approaches have been 

applied. All welding parameters by different types of laser machine were investigated and 

studied by ANN (Artificial Neural Networks). The statistical significance of parameters 

and interactions were analyses by the ANOVA and Taguchi approaches. Their 

investigations can be reduced experimental trials can be reduced by using statistical 

method, an efficient method to perform the optimization process.  
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2.3 Optimization of Forming Behaviors at Elevated Temperatures 

 At the end of nineteenth centaury, sheet metal formability became a research topic 

due to the development of sheet metal forming. Various methods for evaluating the sheet 

metal formability had been developed. The forming limit diagram (FLD) is the one of the 

common practices to assess the formability of sheet metal. However, the accuracy of the 

forming limit curves which is obtained by experimentally has not been analyzed 

sufficiently. Since the 1970s, some researchers [13] have studied the variability of forming 

limit curves. Different dies and materials have been tested twenty times to provide enough 

data for statistical analysis. The variation of formability was concluded to be influenced by 

experimental errors and material properties. 

 Optimization of forming process is the commercial sense which can increase 

productivity and improve the product quality. In order to optimize the forming process, 

many related researches have been studied. Some researchers [14] found that forming 

parameters play an important role in minimizing the risk of failure. The forming 

parameters, such as material properties, blank position, blank thickness, blanking force, 

friction, position and size of draw beads, and die radii should be identified before 

processing. In their study, they found that the sheet metal product could be affected by the 

wrong selection of forming parameters. Response surface methodology (RSM) was used to 

evaluate the optimization of forming process. The blank holding force perform the sheet 

metal product and draw beads can be optimized successfully by using RSM. 
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 An artificial neural network and the Taguchi method were applied for preform design 

optimization in the multi-stage forming process [15]. In this study, the ductile fracture 

limited by the workability has been considered. The prediction of ductile fracture was 

performed by the finite element analysis with fracture criterion. To minimize the objective 

functions during the forming process, the artificial neural network using the Taguchi 

method was employed. In the design of experiments, those combinations fo design 

parameters used in the simulation were selected by an orthogonal array. The simulation 

results and the orthogonal array were employed as indicating data for artificial neural 

networks. This method is able to provide a more feasible strategy for designing the 

multi-stage forming process. Also, a rational and analytical basis for the preform design 

could be established and applied to the various metal forming processes. 

 

2.4 Integrative Approach of Sheet Metal Forming 

 Tailor-welded blanks are used widely in the automobile industry. However, many 

problems have occurred during the forming process, such as failure locations at the 

weldment or the base metal, the movement of weldment, and the material flow. The 

solution of numerical simulation and experimental verification was developed [16] to 

increase the efficiency of the TWBs production. In order to predict the flow of metal sheet 

and possible defects of TWBs in the multi-stage forming process, the longitudinal rail 

forming has been carried out by simulations and verified experimentally. It was found that 
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the weld on the flange region with thicker gauge was moved toward the base materials 

during the forming. Also, changing of the strain path could reduce the strain peak and 

utilize the plasticity of the sheet metal. 

 Moreover, a study regarding the numerical model with experimental verification 

were given by [17]. The effectiveness of the dynamic explicit models in the sheet metal 

forming process simulation was indicated. Simulation was able to provide the effective 

symptoms to analyst particular forming process. The experiment was carried out to verify 

the numerical results. It was found that the finite element (FE) simulation with 

experimental verification can avoid the engineering stages and the product prototyping. 

Also, the time for marketing new products can be reduced. The reliability of the simulation 

results can be compared with the experimental results.  

In other studies [18], the optimal pressure cycle, deformed shapes, distributions of 

strain and strain-rate during the forming process has been calculated by the finite-element 

analysis. The strain-rate sensitivity, localized deformation, strain-rate consistency, 

hour-glass mode control and locking symptom were taken into account during the 

calculation. The comparison has been carried out to demonstrates the validity of the 

existing algorithm and simulation results. It was found that only slight difference occurred 

between the two results.  

In the forming process, temperature is another factor that needs to be optimize during 

forming process. The forming condition with temperature dependency can be analyzed by 



15 

FE simulation [19]. In the simulation results, the temperature distributions of the blank and 

the tooling were studied, such as the heating at the flange location and the cooling at the 

punch shoulder location. The optimal experimental condition was estimated using FE. In 

order to validate the finite element model, the experiment was conducted. It was found that 

the formability of sheet metal has been improved by appropriate experimental condition. 

These results can provide enough information to engineers or designers to enable them to 

fabricate the sheet metal more efficiency and effectively. 

Nowadays, finite element commercial packages are commonly used to simulate the 

stamping process especially for automotive components. PAM-STAMP is one of the most 

popular software. The die geometry of an automobile component had been studied by 

using this software [20]. In their study, the blank holding force was identified with 

different parametric conditions. Some common steel materials, such as plain carbon steel, 

reinforced steel and aluminum alloys were selected to study the work condition for 

simulation. The effects of material properties and process variables, such as coefficient of 

friction, punch speed etc, can be evaluated by using the such software package. The quality 

of the product can be improved more effectively. 

Another example of finite element analysis with experimental validation was the 

drawing behaviors of tailored blanks [21]. This study had been found that the weld line 

motion was significantly influenced by the change of strain rate; especially when the sheet 

material is stretched perpendicular to the weld, due to the strain localization in the 
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thinner/weaker section. The elastic plastic material behaviors and the blank holder force 

with the friction were found as an important indicator for drawing process. The FE method 

can be used to predict the state of stress, strain and weld line motion during the forming 

process, in case an elastic plastic material model is used with accurate blank holder force. 

 However, many challenging formability problems for process development and tool 

design. Aluminum-Killed Drawing Quality (AKDQ) steel was selected to investigate the 

drawability of tailor-welded blank technology by research center and car manufacturer [23]. 

After experiments, it was found that the failure usually occurs on the cup wall of base 

metal close to the punch profile radius. On the other hand, for tailor-welded blanks, the 

failures occur at the flat bottom of the punch parallel to the weldment. Such interesting 

findings have been further developed on other materials/thickness combinations of 

tailor-welded blanks. Also, it was found that the forming of tailor-welded blanks was very 

complex, from the process planning to the tooling design. The reliable computerized 

techniques should be developed for deep drawing of tailor-welded blanks.  

 As mentioned by [23], finite element analysis was an important tool to investigate the 

deformation behaviors and defect prediction during the process. Another study was 

conducted by Korean researchers in year 2003 [24]. Stainless steel sheet (SUS304) was 

selected to determine the optimum blank design and forming parameters. In order to 

validate the accuracy of the simulation results, the experimental validations were carried 

out. The finite element results have demonstrated the advantage for blank and process 
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design. 

 

2.5 Multi-Stage Forming Process of Sheet Metal 

The multi-stage forming process is a series of operations which converts the sheet of 

metal into part of a desired shape without any fractures. The deformation behavior for the 

occurrence of the shock line under multi-stage forming process was observed in both 

experiments and numerical simulation. In their study, the multi-stage forming process was 

simplified as the forming test consists bending and drawing. The effects of forming 

conditions on the occurrence of the shock lines were examined by the simulation. The 

results revealed that the shock line could be minimized when the thickness in the corner 

formed in the previous stage was decreased. In order to validate the simulation results, the 

wheel disk of automobile was formed by multi-stage forming experimentally. It reveals 

that the shock line was prevented by enlarging the radius of the punch corner at the first 

stage of the forming process [25].  

 Finite element analysis was certainly a very useful method to examine different stages 

of the multi-stage forming process of automotive components. The front shell of an 

automobile had been selected to study the forming effect of sheet materials [26]. The 

punch load, the die load and thickness distribution were obtained in the computational 

results. The thickness strains were compared with the experimental results in actual 

forming process. Also, the forming defects were found during simulation. After the 
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validation, the multi-stage forming process of the front shell can be improved by varying 

several process parameters, such as the blank dimension, the corner radii of the tools, the 

clearance, and the forming load etc.  

 On the other hand, the railway wheels and tyres manufacturing by multi-stage thermal 

forming process had been studied using finite element software [27]. This process includes 

forging, multi-piercing, ring-rolling operations. The commercial finite element package 

was used to simulate the multi-stage forming process. The alternative pre-form 

configurations of material and tooling with advanced geometrical and physical properties 

can be determined by the simulation. The sensitivity of thermal effects of the forming 

operation has been investigated via isothermal and thermo-mechanical analyses. The 

finite-element software was employed to simulate the thermo-mechanical 

operation/forming capability of all stages, such as heat loss between each forming 

processes, fracture capability under piercing process and strain flow of metal under 

ring-rolling process. The study revealed that the preform design is a critical factor in the 

manufacturing process and simulation tool could provide suggestions to improve the 

production.  

 Moreover, some researchers have triggered to study the effect of changing strain paths 

on forming limit diagram [28-33]. The strain path changes in real stamping process often 

occurs gradually while the metal flows through the die or abrupt when metal is transferred 
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from one press to another press. The change of strain paths can affect the formability of the 

products. Two phenomena of metal parts were observed, (i) regions strained above the 

accepted level of FLD but without the occurs any localized necking and (ii) failure occurs 

at the region where the strain level below the FLD. According to their findings, it was 

concluded that the strain limits of the metal sheet could be raised or lowered depending on 

the change of strain path. However, the change of strain paths varies with materials, 

different materials may give different responses for such changes [34]. Aluminum alloys 

(Al2008-T4) were selected to determine the influences of the formability for change of 

strain paths. Based on their findings, the forming limit could be affected by an 

instantaneous change of strain path during the forming process. The strain path would be 

shifted at the plain strain and minimizing the subsequent FLD after the prestraining of the 

forming process. Due to the complex strain combinations, the formability limits would be 

decreased under biaxial tension and increased under uniaxial tension. 

 Similar results also occur on another aluminum alloy, Al 6111-T4, which was tested 

by same researchers [35]. The forming limit diagrams have been investigated under 

prestrained several levels, uniaxial, plain strain and biaxial tension accordingly. As 

mentioned, prestraining under biaxial tension would decrease the forming behaviours after 

the plane and/or biaxial tension but raise the forming limits in subsequent tensions. In 

contrast, the forming limit would increase in uniaxial prestraining and followed by the 

plain and/or biaxial tension. It was because the principle strain rotated after prestraining. 
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The minimum of FLD would be occurred near the plain strain and slightly shifted to the 

right for subsequent FLD. Such phenomenon could be explained by the operation between 

the punch and the sheet material, which the sheet material followed the movement of the 

punch and affected the strain path. In compare with the change of strain, the strain path 

would be changed and fall at the same line after different strain-paths. In summary, the 

forming limit could be improved at pre- and final straining although the evidence was 

limited. 

 Due to the complex strain paths, the deformation behaviors of prestrained steel were 

studied under non-uniform deformation [36]. The geometrical defect of the specimens was 

taken into account to explaining the importance of mechanical behaviours. It was found 

that the flow behaviours of material could be expressed by Swift Law considering the 

strain-rate sensitivity. Based on the predicted result in simple strain path, the imperfection 

growth kinetics was influenced by the strain hardening exponent n. The imperfection could 

slow down while increasing n value and change of strain path. 

 

2.6  Formability of Titanium Tailor-welded Blanks under Multi-stage Thermal 

Forming 

 It is well-acknowledged that titanium alloy sheets and their TWBs will normally 

characterize a low ductility and yield a very poor formability in process operations under 

room temperature. Research and development on the enhancement of mechanical 
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properties and formability of titanium alloy sheets under different elevated temperatures 

are in their infancy and require further intensive research.  

 On the other hand, most stamped components in the real industry are produced with 

the multi-stage forming process. In order to achieve excellent forming quality and 

productivity of the product, the component would be stamped several drawing stages. 

Actually, the process parameters and strain path would be changed at each stage and 

affected the quality of the formed product. It was noted that more dies and tools were 

required if the component undergone quite a number of drawing stage so as to increase the 

production cost and decrease the overall productivity. Therefore, to minimize the number 

of stages and secure the forming quality, engineer would base on their experiences and the 

complexity of the final product to design the required drawing stage and press dies. 

However, the productivity was lowered, and the product quality was not assured after 

many trial-and-errors attempt. To avoid such aforesaid problem, use of finite element 

software for product design was important practically. 

 Actually, the materials in the Ti-TWBs probably experienced two-or-more-steps 

non-proportional deformation during the multi-stage forming operation. The forming limit 

strains induced were therefore path-dependent, and these changes can alter the formability 

of the Ti-TWBs significantly. Absent at present are any research studies dealing with the 

formability study of Ti-TWBs under either multi-stage or elevated temperature forming 

processes.  
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 In order to study the forming behaviors of Ti-TWBs under single-stage and/or 

multi-stage forming processes, exhaustive experiments have been carried out by research 

teams to investigate the effects of various forming parameters (e.g., elevated forming 

temperature, individual tooling temperature, forming speed, amount of step for multi-stage 

forming etc.) on the structural forming behavior and formability of the Ti-TWBs. Also, 

ANOVA statistical analysis had been carried out to optimize those process parameters, as 

well as to achieve the maximum formability of the Ti-TWBs under a two-step multi-stage 

forming at elevated forming temperature up to 600oC. It was found that the welding 

orientation of Ti-TWBs (i.e. 0°, 45° and 90°), elevated forming temperatures (i.e. room 

temperature, 300°C, 550°C) and loading directions during forming (i.e., transverse and 

vertical) can influence the formability and failure mode of the Ti-TWBs considerably. 

 On the other hand, many forming processes yield large deformation of stamped 

components. Accurate measurement of large deformation imposes an experimental 

challenge. Past investigators have found the grid method to be an effective way of 

measuring strain analysis [56, 73-75]. According to the ASTM standard [38], circular grids 

with diameter of 2.5mm or 2.5x2.5mm square grids were recommended for the 

measurement of large strains. Meanwhile, square grids have been used to measure the 

strains of non-homogeneous deformation by some investigators [73]. On the other hand, 

the recommended grid size has been reported to affect the strain gradient measurement due 

to large grid distortion [75]. Therefore, fine grids such as ∅0.4mm or 0.4mm × 0.4mm 
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have been adopted to measure the sharp strain gradients often found close to the crack 

region [56], although this method is fairly time consuming [76]. Therefore, the 

development of an effective strain measurement method to circumvent the aforementioned 

shortcomings was called for. 

 

2.7 Theoretical Failure Analysis of Titanium Tailor-welded Blanks for Multi-stage 

Thermal Forming 

 In recent decades, computer simulation of sheet metal forming processes has been 

employed increasingly over conventional production test and adjustment methodology to 

achieve the optimum and cost-effective operation procedures. The achievement of an 

accurate simulation of sheet metal forming processes depends critically on the 

development of a reliable and robust failure prediction model. The developed model is 

expected to couple with numerical tools, such as finite element codes, to analyze and 

simulate different engineering processes effectively in sheet metal operations, e.g., 

multi-stage stamping, hot forming, etc.  

 In the industry, most practical stamping operations involve multi-stage forming 

processes for which loading can no longer be considered proportional. Material elements 

often undergo considerable changes in strain path, e.g., uniaxial tension to biaxial 

stretching, during the first, second or, even, third stage of stamping operations. The 

induced limit strains and failure under the multi-stage forming operation are therefore 
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path-dependent, while these changes of strain-paths will alter the formability of the sheet 

metal significantly. Accordingly, during the development of prediction model, the loading 

condition of multi-stage forming thus creates the need to develop not only an isotropic but 

also a kinematic hardening material model to attain accurate failure prediction.  

  

 In fact, there are certain theoretical analyses for the monolithic sheet metal with the 

consideration of strain-path history. For instance, literatures can be found on the theoretical 

calculations using the M-K model to examine the effect of changing strain paths on the 

forming limits [59, 77-79]. However, some of their predictions have been found to be 

inconsistent for both sheet metal and TWBs because the failure prediction model has 

assumed that the welded material in TWBs is “perfect” without microdefects, or, even, the 

welded material will not be considered during the analysis. Thus, some researchers have 

developed a damage-based model to predict the instability and failure of sheet metals [80]. 

Satisfactory results have been achieved for a practical case in which a complex strain 

history was prescribed from an actual stamping operation. However, the research and 

development of these damage-based analyses have not yet extended to the state-of-the-art 

TWBs and multi-stage thermal forming operation.  

 According to the damage mechanics theory, material damage affects the forming limit 

of sheet metals in a way that micro-voids nucleate and grow under external stress field, 

which accelerate the localization process and finally lead to localized necking of the sheet 
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metals. Chow et al. developed an anisotropic material damage model [81]. In which, the 

model had been applied successfully to analyze forming limits of uniform sheet metals. A 

damage criterion for localized necking was proposed not only for proportional loading but 

also for non-proportional loading conditions. Recently, the damage mechanics model has 

been modified and implemented into a finite element program not only to simulate the 

whole forming process of sheet metal, but also to predict the occurrence of localized 

necking and final fracture of the formed component. In addition, the program also tried to 

simulate a simple two-step forming procedure consisting of U-bending followed by biaxial 

tension. A good agreement has been observed between the simulated and measured 

forming limit strains. Therefore, it is believed that, after further modification, the 

developed damage mechanics model has a great application potential in predicting the 

forming limits and failure of intricate engineering structure, e.g., Ti-TWBs, under more 

complex sheet metal processing technology, e.g., multi-stage and thermal forming 

operations. For this reason, it therefore becomes rather important for this study to develop 

a reliable failure prediction model based on damage mechanics together with the 

experimental validation and material analyses that enable the acquisition and validation of 

the formability for Ti-TWBs at elevated temperatures under the multi-stage forming 

process.  
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2.8 Problems Identification 

 According to the above studies, titanium alloy is widely used in the automobiles 

and domestics products. However, there have been relatively few studies of the forming of 

titanium alloy. Most researches have been conducted on steel and aluminum alloy. The 

FLD of sheet metal can be optimized by statistical analysis but studies at elevated 

temperatures have not been carried out previously. Also, the finite element analysis of 

multi-stage forming process is not commonly used in the automobile industry. There is an 

urgent need to develop a method with an integrative approach for forming Ti-TWBs at 

elevated temperatures.  

 In this study, the formability of Ti-TWBs at elevated temperatures will be carried 

out. With the aid of finite element softwares, experimental validation and statistical 

optimization, the optimal formability of Ti-TWBs at elevated temperatures under 

multi-stage forming process can be obtained. The optimum parameters for the production 

of qualified Ti-TWBs of different thicknesses and welding orientations for various loading 

directions will be investigated. Also, the mechanical properties of weld zone, base material 

and heat-affected zone under elevated temperatures will be studied. 

 Furthermore, the forming limit diagrams for Ti-TWBs of different blank 

thicknesses and loading direction will be constructed. The relationship between mechanical 

properties and forming behaviors of Ti-TWBs at different elevated temperatures will be 

characterized by ANOVA. Furthermore, the multi-stage forming process will be simulated 
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by inputting the FLDs of Ti-TWBs at elevated temperatures and different forming 

conditions, such results will be validated by comparing with experimental data. As a result, 

the optimal formability of Ti-TWBs under optimum forming parameters will be obtained. 
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CHAPTER 3 THEORETICAL BACKGROUND 

3.1 Introduction  

The first damage model was proposed by Lemaitre and Chaboche [94] in 1978 to 

describe the fatigue features of material under various loading conditions. The stress 

parameters and its value were employed into the model for uniaxial fatigue loading, 

however, the model could not applied on the complex loading conditions. It is necessary, 

therefore, to develop a model which considers the material behaviors under multi-loading 

conditions. 

In this chapter, a failure model for temperature dependent multi-stage forming process 

is presented. Such model is used to predict the localized necking, even final fracture, of 

Ti-TWBs during the thermal forming process. A damage effect tensor M(D) was proposed 

to describe the effect of damage on material element at the macro-scale. The cyclic loading 

was applied to the material to simulated different level of applied stress. Accumulated 

damages under single and multi-stage forming are generally believed to be the principle 

source of strain localization and final rupture. Finally, an experimental method was 

demonstrated to determine the material constants required in the failure analysis. 

 

3.2 Damage Model 

3.2.1  Damage Variables 

The change of micro-structure of material element means the micro-cracks or defects 
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grows accordingly during the loading process. Traditional mathematical models are 

difficult to describe such complexity of change, i.e. physical micro cracking process, grain 

size and surface effects. In order to predict the deterioration of engineering materials under 

such loading condition, the macro-variable D is introduced to characterize such change. In 

this case, the material element considers as a small point to define the mechanical 

properties, such as stress, strain, and damage etc, but large enough to consider that the 

elementary mechanisms of the material that based on the theory by Lemaitre [68]. An 

effective stress σ which introduced by Kachanov[69] is defined as follows: 

( ) :=σ M D σ   (3.1) 

Where σ  is the true stress tensor and the damage effect variable M(D) is a fourth rank 

tensor. If the following notations are chosen, 

1 2 3 4 5 6 11 22 33 23 31 12[ ] [ ]Tσ = σ σ σ σ σ σ = σ σ σ σ σ σ   

1 2 3 4 5 6 11 22 33 23 31 122 2 2[ ] [ ]Tε = ε ε ε ε ε ε = ε ε ε ε ε ε  (3.2) 

  

M(D) can be expressed as 6x6 matrix. In fact, one could define M(D) by the concept of net 

area reduction, including micro-crack area, the micro-stress concentration and the 

interaction among microcracks, due to the development of micro-defects[70], 

( ) = -1M D (I - D)   (3.3) 

where I is the rank four identity tensor. In general, D is also a fourth rank tensor which has 

36 independent components due to the symmetry of the stress tensor. It is impractical to 
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introduce so many degree of freedoms in a damage model due to the difficulties in physical 

measurement of the necessary material constants and numerical analysis.  

For the case of isotropic damage, a scalar variable d is often used to describe the 

damage process. The damage effect M and the effective stress σ  simply reduce to 

( ) = σM D I
(I - D)

   

(1 - )d
=

σ
σ

  
  (3.4) 

where 0d =  is for undamaged state and cd d= ∈ [0 1] corresponds to a critical state of 

damaged for local rupture. This is the typical form frequently chosen to describe the 

isotropic damage phenomenon. However, it does not include the experimental fact the 

value of Poisson’s ratio of damaged material vary with the increase of applied stresses 

[71-72]. This phenomenon is often considered as anisotropic damage, and the damage 

variables are measured experimentally then apply to the anisotropic damage models.  

However, some argument on the determination of damage variable due to the material 

remains isotropic whatever the value of elastic modulus and Poisson’s ratio is varying 

during the loading processes. In order to simply the establish of mathematical model in 

isotropic assumption, a fourth rank damage tensor D is proposed with two independent 

components 1D and 2D . It can be expressed as 

1 2 ( )ij ij ij ijD D D Pδ δ= + −   (3.5) 

Where i, j = 1, 2, … , 6 and  
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 0;  for i j
1;  for i=jijδ

≠
= 
  

 0;  for i=4,5,6 or j= 4,5,6
 1;  for i=1,2,3 and j=1,2,3ijP 

= 


  (3.6) 

Then the damage tensor can be written in a 6x6 matrix form as 

1 2 2

2 1 2

2 2 1

1 2

1 2

1 2

0 0 0
0 0 0
0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

D D D
D D D
D D D

D D
D D

D D

 
 
 
 

=  − 
 −
 

−  

D   (3.7) 

The damage effect tensor is derived by the definition of M(D) Equation 3.3 as  

( ) = σM D I
(I - D)  

 

1 0 0 0
1 0 0 0

1 0 0 01=
0 0 0 1- 0 01-
0 0 0 0 1- 0
0 0 0 0 0 1-

d

µ µ
µ µ
µ µ

µ
µ

µ

 
 
 
 
 
 
 
 
 

  (3.8) 

Where d and µ are two new independent components which have relationships with 1D  

and 2D as 

2
1 1 2 2

1 2

(1- )(1- - ) - 21-
1- -

D D D Dd
D D

=   
 

2

1 21- -
D

D D
µ =  (3.9)

 

This damage effect tensor reduces to the typical form [70] that  
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1
1

M
d

=
−  

(3.10) 

when 0µ =  which corresponds to 2 0D =  and 1d D= .Therefore, the damage 

component µ  (or 2D ) can be taken as a parameter which represents the effect of damage 

on the value of Poisson’s ratio. 

On the other hand, the effective total strain tensor ( ε ) of damage material can be 

divided into the effective elastic strain ( eε ) and the effective plastic strain ( pε ). 

= e p+ε ε ε   (3.11) 

The definition of such effective parameters are shown as follows: 

, 1 :e T e−=ε M ε  

, 1 :p T p−=dε M ε   (3.12)  

Based on the above equations, the change of both in the elastic modulus and in the 

Poisson’s ratio are taken into account to compute the damage variable although the damage 

material is consider as isotropic type.  

 

3.2.2  Constitutive Equations 

3.2.2.1 Elasticity Coupled with Damage 

According to the hypothesis of strain energy equivalence which developed by Chow 

et al. [73], the elastic energy for a damaged material is the same as that of the undamaged 

material. The stress or strain tensor is replaced by the corresponding effective parameter in 
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the stress/strain based form, it can write as, 

11( , ) : :
2

σ D σ C σe TW −=
 

 
11 : : : :

2
T T −= σ M C M σ   (3.13)

 

where C is the elastic tensor of the undamaged material and can be written in a matrix 

form as. 

-1

1 0 0 0

1 0 0 0

1 0 0 01
=

0 0 0 2(1+ ) 0 0

0 0 0 0 2(1+ ) 0

0 0 0 0 0 2(1+ )

E

υ υ

υ υ

υ υ

υ

υ

υ

− −

− −

− −

 
 
 
 
 
 
 
 
 

C   (3.14) 

E and υ  are the value of Young Modulus and Poisson’s ratio of an undamaged material. 

Therefore, the elastic law is derived by the thermodynamic theory in the true stress-true 

strain space as 

1( , ) :
e

e W −∂
=

∂
σ Dε C σ
σ

  (3.15) 

Or in the effective stress-effective strain space as 

:
e

e W∂
=

∂
-1ε C σ

σ
  (3.16) 

where C is the effective elastic tensor for damaged material and expressed as 

1 1: :T− −=C M C M  
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1 0 0 0
1 0 0 0

1 0 0 01
0 0 0 2 1 ) 0 0
0 0 0 0 2 1 ) 0
0 0 0 0 0 2 1 )

E

υ υ
υ υ
υ υ

υ
υ

υ

− − 
 − − 
 − −

=  
 
 
 
 

( +
( +

( +

  (3.17)  

E and υ  are the value of Young’s modulus and Poisson’s ration for damaged material and 

have the relationships with the damaged components as  

2

2
(1- )

1- 4 2(1- )
E dE

υµ υ µ
=

+
 

2

2
- 2(1- ) - (1-3 )
1- 4 2(1- )

ν υ µ υ µν
υµ υ µ

=
+

  (3.18) 

It is worth noting that the equation (3.18) is derived from the hypothesis energy 

equivalence and is different from the conventional relationship of (1 )E E d= − [70]. The 

conventional form is obtained from the hypothesis of stress/strain equivalent which has 

been found to yield an anomaly in the establishment of constitutive equations of 

anisotropic damage material [71-72]. 

 

3.2.2.2 Plasticity Coupled with Damage 

According to the Von Mises theory, the yield surface of damaged material is written as  

1
2

0( , , ) [ ( )] 0p pF R R R p= = + =σ D σ  (3.19) 

And the thermodynamic potential function may be defined as the same form of yield 

surface 

1
2

0( , , ) [ ( )]p pR R R pΨ = = +σ D σ   (3.20) 
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Where 

1 1: : : :
2 2

T T
pσ = =σ H σ σ H σ    

: :T=H M H M  (3.21) 

H is the plastic characteristic tensor of undamaged material which is a positive 

semi-definite tensor, 0R  is the initial strain hardening threshold, p is the overall plastic 

strain, and ( )R p is the increment of strain hardening threshold. For an isotropic material, 

the plastic characteristic tensor is [74] 

2 1 1 0 0 0
1 2 1 0 0 0
1 1 2 0 0 0

0 0 0 6 0 0
0 0 0 0 6 0
0 0 0 0 0 6

− − 
 − − 
 − −

=  
 
 
 
 

H   (3.22) 

Then the effective plastic characteristics tensor H is derived from equation (3.22) as 

2

2
(1 ): :
(1 )

T

d
µ−

=
−

H M H M= H   (3.23) 

Similar to the conventional theory of plasticity [74], the constitutive plastic equations 

incorporating material damage are derived in the true stress-true strain space as  

1/2 :
2

p
p

p
p

Fd p
dt

λλ
σ

∂
= =

∂
ε H σ

σ
  (3.24) 

Or in the effective stress-effective strain as 

1/2 :
2

p
p p

p
p

Fd
dt

λ
λ

σ
∂

= =
∂

ε H σ
σ

  (3.25) 

and  
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( )
p

p p

Fdp
dt R

λ λ
∂

= =
∂ −

  (3.26) 

Where pλ is a Lagrange multiplier which can be determined by means of the yield surface 

0pF = . From equation (3.19), 

( , , ) 0pdF R =σ D  

: : 0
T T

p p pF F F dRd d dp
R dp

∂ ∂ ∂   
+ + =   ∂ ∂ ∂   

σ D
σ D

  (3.27) 

Then, the Lagrange multiplier pλ  is deduced from Equation (3.26) as 

 

: :

if  0,and : : 0

0;if  0,

or 0 and : :

σ D
σ D

σ D
σ D

σ D
σ D

T T
p p

p

T T
p pp

p

p

T T
p p

p

F F

F dR
R dp

F Fp F

F

F F
F

λ

 ∂ ∂   
 +   ∂ ∂   
 ∂


∂
 ∂ ∂   = =  = + >    ∂ ∂   

<


∂ ∂    
= + ≤    ∂ ∂   



 



 (3.28) 

From the definition of yield surface Equation (3.19) 

1/2

1/2

1

1 :
2

1 : :
4

p

p

p

p T

p

F
R
F

F
σ

σ

∂
= −

∂
∂

=
∂

∂ ∂
=

∂ ∂

H σ
σ

Hσ σ
D D

  (3.29) 

Therefore, the Lagrange multiplier pλ  can be expressed as 
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1/2

p 

p

p 

1 1: : : : :
22

1if  = 0 and : : : : :
2

0;      if  F  < 0

1or = 0 and : : : : :
2

T
T T

p

T
T T

p

T
T T

dR
dp

F

F

λ

   ∂ +  ∂    

  ∂

+=   ∂ 


  ∂

+ ≤  ∂ 

Hσ H σ σ σ D
Dσ

Hσ H σ σ σ D>0 
D

Hσ H σ σ σ D 0 
D







 (3.30) 

From Equation 3.24 

2
1 1 21: : : : : :

4 2
ε H ε σ H H H σppT p T T

p
p

λ
λ

σ
− −= =    (3.31) 

So, the overall plastic strain rate can be expressed in an alternative form as 

1
1 212[ : : ]

2
pε H εT pp −=     (3.32) 

 

For an isotropic material, H shown in equation (3.22) is a singular matrix. A generalized 

inverse form of H may be chosen as 

1

2 1 1 0 0 0
1 2 1 0 0 0
1 1 2 0 0 01

0 0 0 1.5 0 09
0 0 0 0 1.5 0
0 0 0 0 0 1.5

H−

− − 
 − − 
 − −

=  
 
 
 
 

 (3.33) 

Then the generalized inverse of H  can be deduced as 

2
1 1 1 , 1

2
(1 ): :
(1 )

-1H M H M = HT d
µ

− − − − −
=

−
  (3.34) 
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3.3. Damage Evolution 

3.3.1 Basic Modeling 

Several cases of damage depending upon the level of the applied stress under uniaxial 

loading condition can be classified as: 

1.  No significant irreversible plastic deformation and no damage accumulation if the 

applied stress is less than the fatigue endurance limit. 

2. Damage accumulates due to the micro-plasticity if the applied stress is over the fatigue 

endurance limit but less than the yield stress of material, it defines as fatigue damage. 

3. Damage occurs if the applied stress is larger than the yield stress of material, it defines 

as plastic damage. 

 

It found that the damage accumulation under uniaxial loading process is divided into 2 

processes: fatigue damage and plasticity damage. In order to extend this idea to complex 

loading conditions, it is postulated that there exists a fatigue damage surface 0fdF =  

corresponding to the fatigue endurance limit and a plastic damage surface 

0pdF = corresponding to that start of plastic damage. These surfaces are used to identify 

different damage processes. Therefore, there may be three cases if damage accumulation 

under any complex loading condition. 

1.  No damage accumulation, while the stress state is inside the fatigue damage surface. 

2.  Fatigue damage, while the stress state is between two damage surfaces. 
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3.  Plastic damage, while the stress state is outside the plastic damage surface.  

It is assumed that the total damage is the summation of fatigue damage and plastic 

damage. Rupture of material occurs while the total damage of material reaches a critical 

state. This model considers the process of damage accumulation from initiation, 

propagation of macro-cracks and final rupture of engineering materials. More 

mathematical equations which simulate the whole damage process will be described in the 

next section. 

 

3.3.2 Damage Energy Release Rate  

A specific homogenized free energy which developed by [70] is written as, 

( , ) ( )ψ ψ σ D ψ qe p= +  (3.35) 

Where ψe  and ψ p  are the elastic and plastic part of free energy respectively. D is the 

fourth rank damage tensor, and q is the suitable set of plastic variables. Then the 

thermodynamic conjugate force of the damage variable D, which called damage energy 

release rate, can be deduced by the equation (3.13). 

1 11 : ( : : : : ) :
2

T

e

T
T

W

− −

∂∂ ∂
= −ρ = −ρ = −

∂ ∂ ∂
∂ ∂

+
∂ ∂

eψψY(σ, D)
D D D

M Mσ C M M C σ
D D

      = -

 (3.36) 

Where ρ is the mass density, We is the elastic energy, Y is the fourth rank tensor 

corresponding to D. Due to the isotropic assumption of damaged materials, Y has a similar 

form as that of D equation (3.4) and can been expressed as follows: 
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1 1( )

1;if  i = j
o;if  i j

1;for i and j = 1,2,3
0;for i or j = 4,5,6

i j D i j D i j i j

i j

i j

Y Y Y P

P

δ δ

δ

= + −


=  ≠


= 


  (3.37) 

Where YD1 and YD2 are the two independent components of the fourth tensor Y. They can 

be expressed as: 

1
1

2
2

e
D

e
D

WY
D
WY
D

∂
= −

∂
∂

= −
∂

  (3.38) 

It is observed that the damage processes are characterized by two independent scalar 

parameters ( 1D , 2D ) based on the isotropic assumption. Due to the one-to-one 

correspondence between ( 1D , 2D ) and ( d ,µ ), shown in equation (3.38), one may choose 

( d ,µ )as two new damage parameters instead if ( 1D , 2D ) to characterize the damage 

process in order to simplify the derivation. Therefore, the new damage energy release rate 

Y is 

( )ij d ij ij ijY Y Y Pµδ δ= + −  (3.39) 

And two corresponding components are derived from equation (3.13) as  

1

1

1 : :
1

1 : :
1

σ C σ

σ A σ

e
T

d

e
T

WY
d d

WY
dµ µ

−

−

∂
= − = −

∂ −
∂

= − = −
∂ −

  (3.40) 

Where 1A− is expressed as matrix form as 
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1 2 2

2 1 2

2 2 1

1 2

1 2

1 2

0 0 0
0 0 0
0 0 01

0 0 0 2( ) 0 0(1 )
0 0 0 0 2( ) 0
0 0 0 0 0 2( )

A A A
A A A
A A A

A AE d
A A

A A

 
 
 
 
 −−  
 −
 

−  

-1A =  

1

2

2 (1 ) 2
(1 )(1 ) 2

A
A

µ ν ν
µ ν µν

= − −
= + − −

 (3.41) 

 

3.3.3  Plastic Damage 

It is supposed that there exists a plastic damage surface defining the start of plastic damage 

under any loading condition and may be formulated as [71] 

1/2
0( , ) ( ) 0Ypd pd pF B Y B B W = − + =    (3.42) 

Where pdY  is defined as  

2 21 ( 2 )
2pd d dY Y Y Y Yµ µγ= + +

 
(3.43) 

 

dY , Yµ are two independent components of Y, B0 is the initial plastic damage threshold, B 

is the increment of plastic damage threshold, wp is the overall plastic damage, and γ  is 

the damage evolution coefficient. An essential step in developing damage evolution 

equations is to formulate an appropriate damage dissipative potential. Similar to the 

conventional theory of plasticity [74], the plastic damage dissipative potential may be 

chosen as the same form as the plastic damage surface 
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1/2
pd 0

( , ) ( , )

                 =  - ( )
pd pd

p

B F B

Y B B W

Φ =

 + 

Y Y
  (3.44) 

In a similar way as that leading o the damage-affected plastic constitutive equations, the 

plastic damage evolution laws are derived as 

( )

pd
p pd

pd
p pd pdW

B

λ

λ λ

∂Φ
= −

∂
∂Φ

= =
∂ −

D
Y





 

(3.45) 

Where D p
 is the plastic damage tensor, pdλ is the Lagrange multiplier which can be 

determined by the plastic damage surface. From equation (3.42), 

( , , ) 0

0

pd d

pd pd pd
d p

d p

dF Y Y B
F F F dBdY dY dW
Y Y B dW

µ

µ
µ

=

∂ ∂ ∂
+ + =

∂ ∂ ∂

 (3.46) 

Then the Lagrange multiplier is derived as 

1/22

d d d d
pd p

pd
p

Y Y Y Y Y Y Y Y
W dBY

dW

µ µ µ µγ γ
λ

+ + +
= =

   
   (3.47) 

And two independent components of D p are expressed as 

1/2

1/2

( )
2
( )
2

pd pd d
p pd

d pd

pd pd d
p pd

pd

Y Y
d

Y Y
Y Y

Y Y

µ

µ

µ

λ γ
λ

λ γ
µ λ

∂Φ +
= − = −

∂

∂Φ +
= − = −

∂





  (3.48) 

 



43 
 

From equation (3.48), 

( )

2 2
2

2
2 2

2

2

1 ( 2 )
1

2 ( )( ) ( )
4(1 )

2

p p p p

pd
d d d d

pd

pd

d d

Y Y Y Y Y Y Y Y
Y µ µ µ µ

γ µ µ
γ

λ
γ γ γ γ γ

γ

λ

− +
−

 = + − + + + +  −

=

   

 
(3.49)

 

Then the overall plastic damage rate presents alternatively as 

1
2

2 2
2

12 ( 2
2(1 )p pd p p p pW d dλ γ µ µ

γ
 

= = − + − 
      (3.50) 

 

3.4 Determination of Material Properties 

A general method to determine the material properties of material constants which are 

required by the model describes in this section. All material constants are used to predict 

the damage can be measured by uniaxial tensile tests, as well under various temperatures. 

 

3.4.1  Damage Components 

The Young modulus ( E ) and Poisson’s ratio (ν ) of the damaged material can be 

deduced by Equation (3.18), as follows: 

2

2

2

2

(1 )
1 4 2(1 )

2(1 ) (1 3 )
1 4 2(1 )

E dE
υµ υ µ

υ υ µ υ µυ
υµ υ µ

−
=

− + −

− − − −
=

− + −
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Then the damage components d and µ are derived from 

[ ] 22(1 ) 1 3 2(1 2 ) 0υ υ υ µ υ υυ µ υ υ− + − + − − + − =  

2(1 )2 1 4 2(1 )Ed
E

υµ υ µ − = − + −   
(3.51) 

The positive value can be calculated by these two equations because both d andµ are 

positive value. Therefore, the elastic modulus and Poisson’s ratio of damaged material are 

determined by uniaxial tensile test. The plastic damage components pd and pµ are taken into 

account for. 

 

3.4.2 Damage Evolution Coefficient 

Two independent components of damage energy release rate Y can be deduced by 

Equation (3.40), 

2
2

3

2
2

1 4 2(1 )
(1 )

2 (1 ) 2
(1 )

dY
E d

Y
E dµ

νµ ν µ σ

µ ν ν σ

− + −
= −

−
− −

= −
−

  (3.52) 

And the damage components evolution laws shown in Equation (3.48) become 

1/2

1/2

( )
2
( )
2

pd d
p

pd

pd d
p

pd

Y Y
d d

Y
Y Y
Y

µ

µ

λ γ

λ γ
µ µ

+
= = −

+
= = −

 

 

  (3.53) 

Where σ is the tensile stress. From the above equation (3.52) 

2

f ( ) (1 )
f ( ) 1

1 4 2(1 )f ( )
2 (1 ) 2

dd d
d d

µ γ
µ γ µ

νµ ν µµ
µ ν ν

+ −
=

+ −

− + −
=

− −

  (3.54) 
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When the value of d and µ are small at the beginning, the approximate solution the 

Equation 3.54 is  

2 22(1 )/2 2

2 /( )
1 2

1 2(1 ) ( )
f ( ) (1 )

f ( ) 1

a
aC

a e
da
d

γ γ

γ γ

ν ν νµ
ν ν γ

µ γ
γ µ

−

−

 − − − + =   − − −   
+ −

=
+ −

  (3.55) 

 

Where C  is the constant which can be determined by substituting initial condition, and 

0µ = , into the equation, then, 

2

2

2

2( 1)

( 2 )
2 (1 )

1 1 2
2(1 )

(1 )
C

e

γ
γ

γ γ ν
γ

νγ
ν

γ

−

−
−

 
− =  −  − 

  (3.56) 

As well, γ can be determined by Equation (3.73) 

f ( ) (1 )

f ( ) (1 )

d
d

d
d

µ µ
γ µµ

∆
− −

∆=
∆

− −
∆  

(3.57) 

Where d∆  is the increment of d and µ∆  is the increment of µ . This equation is valid 

during whole loading process. Therefore the damage evolution coefficient γ  can be 

determined by the calculated components d andµ . 

 



46 
 

3.4.3 Increment of Strain Hardening Threshold 

Under uniaxial tension test, the yield surface of damage material (Equation 3.19) becomes, 

0

0
0

0

1 [ ( )] 0
1

1
1 y

R R p
d

R
d

µ σ

µ σ

−
− + =

−
−

=
−

  (3.58) 

 

Where yσ  is the initial yield stress, and d and 0R  are the values of the corresponding 

damage components on the initial yield surface, Usually, they can be assumed to be zero 

for the case of uniaxial tensile test, so 0R  is the same as yσ . The value of R  is 

accordingly obtained by  
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The overall plastic strain can be derived from Equation 3.32 as follows, 
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Where 1ε is the total strain along the loading direction, E is the elastic modulus 

corresponding to σ. Therefore, the curve of ( )R p  can be obtained with the measured 

variables,σ , 1ε , E and calculated variables d andµ . 

 

3.4.4 Increment of Plastic Damage Threshold B(wp) and Critical Value of Total 

Overall Damage 

The plastic damage surface can be written as according to Equation 3.42 
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where dσ is the stress on the plastic damage surface. It is assumed to be the same as the 

yield stress yσ , This implies that the plastic damage starts when the applied stress exceeds 

the yield stress. The value of B can be calculated by the following equation: 
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  (3.64) 

The total overall damage can be derived from Equation 3.50 is 
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Therefore, the curve ( )B w can be determined by Equation 3.63 and 3.64 with the calculated 

variables d , µ andγ . The critical value of total overall damage cw which corresponds to 

the critical state of complete specimen fracture is also determined by equation (3.64). 

 

` 
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In order to determine the basic material properties required in the damage model, 

uniaxial tensile tests were performed, such as true stress-strain relationships, elastic 

modulus-true stress curve and Poisson’s ratio-true stress curve. Based on those 

experimental results, the damage components d and μ, damage evolution coefficient γ, 

strain hardening threshold R0 and R(p), plastic damage thresholds B0 and B(w) and the 

critical value of total overall damage wc were computed and summarized in Chapter 5. 
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CHAPTER 4  METHODOLOGY 

This chapter describes the theoretical background and methodological approaches that 

need were taken into account achieve the targets of this study. 

4.1 Introduction 

Titanium and its alloys are strain hardened under the cold forming condition. Titanium 

alloys exhibit the following characteristics [75] which are not easy to form at room 

temperature. 

- Higher springback effect 

- Potential embattlement 

- Poor workability 

- Notch sensitivity 

- Poor ability to shrink 

However, it is not an unreachable expectation to form titanium alloy under 

non-superplastic forming conditions. 

A complexity approach was developed so that the formation of heterogeneous 

structures at elevated temperatures could be realized. Figure 4.1 shows the overall layout 

of the approach. There were five parts to this approach: experiments, optimization of the 

formability of Ti-TWBs at elevated temperatures under multi-stage forming conditions, 

failure prediction of forming simulations of Ti-TWBs, forming simulations of Ti-TWBs, 

and experimental verification of simulation results by means of measured and predicted 
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formability of Ti-TWBs. 

 
Figure 4.1 The procedure flow chart of the failure analysis for forming 
Ti-TWBs at elevated temperatures under multi-stage forming process 
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4.2 Flow of analysis 

A systematic approach was proposed for the formability study of Ti-TWBs under 

multi-stage forming process. Experiments, theoretical failure analysis and finite element 

simulations were employed for the investigation in the proposed forming analysis. The 

failure analysis of Ti-TWBs was carried out faithfully by using the proposed methodology, 

while the material properties, tooling effect and change of strain path were taken into 

account. 

 In recent decades, computer simulation of sheet metal forming processes has been 

employed increasingly over the conventional production test and adjustment methodology 

to achieve the optimum and cost-effective operation procedures. The achievement of an 

accurate simulation of sheet metal forming processes depends critically on the 

development of a reliable and robust failure prediction model. The developed model is 

expected to couple with numerical tools, such as finite element codes, to analyze and 

simulate different engineering processes effectively in sheet metal operations, e.g., 

multi-stage stamping, hot forming, etc.  

 In the industry, most practical stamping operations involve multi-stage forming 

processes for which loading can no longer be considered proportional. Material elements 

often undergo considerable changes in strain path, e.g., uniaxial tension to biaxial 

stretching, during the first, second or, even, third stage of stamping operations. The 

induced limit strains and failure under the multi-stage forming operation were therefore 
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path-dependent, while these changes of strain-paths altered the formability of the sheet 

metal significantly. Accordingly, during the development of the prediction model, the 

loading condition of multi-stage forming created the need to develop not only an isotropic 

but also a model which considered the “real-life” of material to attain accurate failure 

prediction. The failure model, comprised of material properties and damage mechanics, 

was proposed to predict the formability of the Ti-TWBs.  

 According to the damage mechanics theory, material damage affects the forming limit 

of sheet metals in a way that micro-voids nucleate and grow under external stress field, 

which accelerate the localization process and finally lead to localized necking of the sheet 

metals. Chow et al. developed an anisotropic material damage model [67], which they 

applied successfully to analyze forming limits of uniform sheet metals. A damage criterion 

for localized necking was proposed not only for proportional loading but also for 

non-proportional loading conditions. Recently, the damage mechanics model had been 

modified and implemented into a finite element program not only to simulate the whole 

forming process of sheet metal, but also to predict the occurrence of localized necking and 

final fracture of the stamped component. In addition, the program also tried to simulate a 

simple two-step forming procedure consisting of U-bending followed by biaxial stretching. 

Satisfactory agreement was achieved between the calculated and measured forming limit 

strains. Therefore, it was believed that, after further modification, the developed damage 

mechanics model had a great application potential for predicting the forming limits and 
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failure of intricate engineering structure, e.g., Ti-TWBs, under more complex sheet metal 

processing technology, e.g., multi-stage and hot forming operations. For this reason, it was 

therefore particularly important for this project to develop a reliable failure prediction 

model based on damage mechanics together with the experimental validation and material 

analyses that would enable the acquisition and validation of the formability for Ti-TWBs at 

elevated temperatures under the multi-stage forming process. The methodology adopted for 

this study is applicable to Ti-TWBs at thermal forming condition under multi-stage 

forming process. 

4.2.1 Stage I – Experiment 

In the initial stage, experimental investigation for formability, mechanical properties, 

the material properties including base metal and weldment were explored. In order to 

determine the deformation behaviors under various temperatures of base metal, FLD and 

LDH were measured. Also, the FLDs for TWBs with different thickness combination were 

performed subsequently. The conventional uniaxial tensile test was carried out at elevated 

temperatures to determine the stress-strain relationship of base metal, weldment and heat 

affected zone.  

4.2.2 Stage II – Optimization the formability of Titanium Tailor-Welded Blanks at 

elevated temperatures 

It is well acknowledged that titanium alloy sheets and their TWBs will normally 

characterize low ductility and yield very poor formability in process operations under room 
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temperature. Research and development on the enhancement of mechanical properties and 

formability of titanium alloy sheets under different elevated temperatures are in their 

infancy and require further intensive research.  

 On the other hand, most stamped components in the real industry are produced 

with the multi-stage forming process. As for the drawing process, this can also be divided 

sequentially into the first drawing, the second drawing and so on. The stage number and 

the capability of every stage determine whether the component can be formed successfully, 

the final forming quality and productivity. The changes of process parameters in every 

stage will affect the final product forming quality. As more forming stages of the 

component and more dies and press tools are needed, there will be an increase in the 

production cost and decrease in the productivity. Therefore, supposing that the forming 

quality has been ensured, the number of stages should be as minimum as possible.  

The Swift Forming test was carried out to examine the formability of Ti-TWBs at elevated 

temperatures. The stress-strain relationship with temperatures, formability of Ti-TWBs 

(FLDs and LDHs), failure locations, move of weldment during forming process and the 

temperature distributions of the Ti-TWBs during the actual forming can be obtained. The 

formability of Ti-TWBs under different temperatures was examined in this study by using 

the Swift Forming Test. In fact, titanium alloy has extremely high elongations but slow 

strain rate at high temperatures [76]. The strain analysis of the sheet metal after plastic 

deformation can be determined using the grid patterns. Grid patterns in points, circles, dots 
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and squares [58] can be used. In this study, the square grid was selected for strain analysis. 

It is very common to measure the strains from a circle marked on the sheet metal. In some 

cases, the grid on the blank is in a square or orthogonal shape. After deformation, the shape 

of the grid may change to be curvilinear. The strain distribution cannot be determined by 

an equation of engineering strain (circle grid pattern) but rather by the equation developed 

by J. L. Duncan et al. [77]. 

Actually, the materials in the Ti-TWBs probably experience two-or-more-steps 

non-proportional deformation during the multi-stage forming operation. The forming limit 

strains induced are therefore path-dependent, and these changes can alter the formability of 

the Ti-TWBs significantly. Absent at present are any research studies dealing with the 

formability study of Ti-TWBs under either multi-stage or elevated temperature forming 

processes.  

 In order to study the forming behaviors of Ti-TWBs under single-stage and/or 

multi-stage forming processes, exhaustive experiments were carried out by the research 

team to investigate the effects of various forming parameters (e.g., elevated forming 

temperature, individual tooling temperature, forming speed, amount of step for multi-stage 

forming etc.) on the structural forming behavior and formability of the Ti-TWBs. Also, 

ANOVA statistical analysis was carried out to optimize those process parameters, as well 

as to achieve the maximum formability of the Ti-TWBs under a two-step multi-stage 

forming at elevated forming temperature up to 600oC. It was found that the welding 
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orientation of Ti-TWBs (i.e. 0°, 45° and 90°), elevated forming temperatures (i.e. room 

temperature, 300°C, 550°C) and loading directions during forming (i.e., transverse and 

vertical) could influence the formability and failure mode of the Ti-TWBs considerably. 

Analysis of Variance (ANOVA) is a statistical method which is used commonly in various 

industries, i.e. microbiology [78], laser welding [79] and stamping [30].  In this research, 

two-way ANOVA was used. It is more efficient than one-way ANOVA; the statistical 

power is increased due to the ability to analyze small variance and interactions between 

two or more variables. The relationship between formability (LDHs) of Ti-TWBs and 

forming parameters, i.e. punch speed, temperature of the die, temperature of the blank 

holder and blank holding force which were applied on the different thickness combinations, 

were studied. “Total” means the sum up of different process parameters attributed from the 

die temperature, blank holder temperature, punch speed and the blank holding force of 

Ti-TWB blanks under elevated temperatures. Those experimental data of Ti-TWBs at 

elevated temperatures under different forming conditions have been summarized in Table 

4.1. 
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Process  

Parameters 

Thickness combination 

0.7mm/ 

0.7mm 

0.7mm/ 

1.0mm 

1.0mm/ 

1.0mm 

Total Mean 

Temperature of the die 

(ºC) 

D11 D12 D13 TD1 MD1 

Temperature of the 

blank holder (°C) 

D21 D22 D23 TD2 MD2 

Punch speed (mm/s) D31 D32 D33 TD3 MD3 

Blank holding force 

(kN) 

D41 D42 D43 TD4 MD4 

Total TD1 TD2 TD3 T  

Mean MD1 MD2 MD3  M 

Table 4.1 The summary of observations of Ti-TWBs at elevated temperatures under 

different forming condition 

Where, 

Di,j is the group of data which obtained from the experiments. 

TDi and MDi is the total and mean of all data in the ith row 

TDj and MDj is the total and mean of all data in the jth column 

T is the grand total of all nk observations 

n is the number of rows 

k is the number of columns 

 The Hypothesis test was used to determine the dependent and independent valuables 

of the analysis. 
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There are three sets of hypothesis tests for the two-way ANOVA 

1. H0 : The means of each row (forming parameters) are equal 

  H1 : The mean of at least one row (forming parameters) is different 

2. H0 : The means of each column (thickness combination) are equal 

  H1 : The mean of at least one row (thickness combination) is different 

3. H0 : There is no interaction between the row (forming parameters) and column 

 (thickness combination) 

  H1 : There is interaction between the row (forming parameters) and column  

 (thickness combination) 

 The first two hypotheses were essentially one-way ANOVAs for the row (forming 

parameters) or column (thickness combinations) variables. The third hypothesis was 

similar to a chi-squared test for independence where no interaction means they are not 

related to each other. This test is also similar to the test for independence in the way that 

the degrees of freedom (DOF) are calculated, the df here being df(Row) X df(Column). 

 Afterwards, the sum-of-squares identify may be represented symbolically by the 

equation,  

SST = SSR + SSC + SSE            (3.1) 

where 

Total sum of square (SST) = 2

1 1
..)(∑∑

= =

−
n

i

k

j
ij MD         (3.2) 

Sum of squares for row means (SSR) = 2

1
..)( MMk

n

i
Di −∑

=

      (3.3) 
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Sum of squares of row means (SSC) = 2

1
..)MMn

n

j
Dj −∑

=

         (3.4) 

Error sum of squares (SSE) = 2
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n

i

k

j
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= =

        (3.5) 

Mean of squares are S12 = 
1−n

SSR
, S22 = 

1−k
SSC

, S32 = 
)1)(1( −− kn

SSE        (3.6) 

The ratio f1 = 2
3

2
1

S
S

, and f2 = 2
3

2
2

S
S

            (3.7) 

If f1>fα[n-1, (n-1)(k-1)], the null hypothesis that the row effects are all equal zero is rejected at 

the α level. Similarly, the null hypothesis that the column effects are all equal to zero is 

rejected at the α level of significance when f2 > fα[k-1, (n-1)(k-1)]. 

 

Source of 

variation 

Sum of square 

(SS) 

Degrees of 

Freedom 

(df) 

Mean squares (MS) Computed (f) 

Row means SSR n-1 S12 = 
1−n

SSR
 

f1 = 2
3

2
1

S
S

 

Column 

means 

SSC k-1 S22 = 
1−k

SSC
 

f2 = 2
3

2
2

S
S

 

Error SSE (n-1)(k-1) S32 = 
)1)(1( −− kn

SSE   

Total SST nk-1   

Table 4.2 The summary of two-way ANOVA 
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After acquiring the process parameters in Table 4.1, the correlations between the 

forming parameters and formability of Ti-TWBs at elevated temperatures were computed 

using ANOVA. The optimal forming condition of Ti-TWBs was attained. According to the 

results by two-way ANOVA, the experiment of formability of Ti-TWBs was carried out 

under “optimal condition” for validation. The optimal forming condition can be acquired 

for forming Ti-TWBs at elevated temperatures. 

 

4.2.3 Stage III – failure prediction of forming simulation of Titanium 

Tailor-Welded Blanks 

 Based on the damage theory which described in the last chapter, the theoretical FLDs 

of base metal and TWBs were predicted. The data verification of the predicted FLD was 

still carried out using the experimental FLDs which were measured in Stage 1. The 

optimum formability of Ti-TWBs can be further elaborated through the data comparison of 

the calculated FLDs and measured FLDs.  

 

4.2.4 Stage IV – Forming simulations of Titanium Tailor-Welded Blanks 

Finite element analysis (FEA) is the process to determine the potential failure of a 

product before mass production. It can shorten the design cycle and increase the reliability 

of the product and reduce the cost. The FEA can determine the common problems during 

the forming process, such as bottom tearing, punching through, rugged edge formation, lip 
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formation and wall fracturing [80]. In the simulation results, such defects should be 

affected by a number of factors, such as the design of the die and the punch, the blank 

holder forces, location of the drawbeads, springback effects of the metal sheet (specimen), 

the blank size and the shape of the binder. In this study, the PAM-STAMPTM was selected 

initially as the software for FEA. Two theories underly the FEA program: one is based on 

the material, as mentioned in Section 4.1. Another theory is the Degrees of Freedom (DOF). 

DOF, an explicit model, is the set of independent displacements of the particle that specify 

completely the displaced or deformed position of the body or system [81].  

 

 

 

Figure 4.2 The simple diagram of the Degree of Freedom (DOF) of the element 

 The experimental FLDs of Ti-TWBs at elevated temperatures, the shape of the punch, 

the die and the blank holder, and the forming conditions -- the punch speed, the size and 

thickness of the blank were imported into the software for simulation. In fact, it is very 

difficult to study the change of stress and strain of the metal during the forming process. 

FEA is the useful tool through which the distributions of stress and strain on each element 

during deformation can be studied thoroughly. It can help us to understand more about the 

effects between material properties and forming behaviors of Ti-TWBs at elevated 

temperatures. Moreover, the predicted failure location and the LDHs of Ti-TWBs can be 
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derived from the FE results. 

 The conditions for the forming process FEA were unsatisfactory. Therefore, the 

experiments mentioned in Section 4.1 were repeated to verify the reliability of the 

simulation results. Failure locations, LDHs and FLDs of Ti-TWBs at elevated temperatures 

and the temperature distributions of the blank were checked. If there were a great 

difference between the experiment results and simulation results, the FEA was repeated 

and the simulated forming condition modified. Otherwise, the forming parameters of 

Ti-TWBs at elevated temperatures could be seen as the acceptable forming condition for 

further analysis 

 Material properties, failure criteria and forming condition are the basic requirements 

for a finite element simulation of sheet metal forming process. All material properties and 

optimum formability of Ti-TWBs were prepared and measured experimentally in stage 1 

and 2, and the failure criteria of base metal and weldment were deduced in stage 3. In this 

stage, all data were implemented into a general purposed finite element code, i.e. 

ABAQUS, for the simulations of forming process of Ti-TWBs. In the simulation, shell 

elements in the geometrical model for the different thickness combination of base metals 

and weldment are created with clear definition. The material models for Ti-TWBs and the 

tooling are selected from the database of the package. The finite element simulation, 

therefore, for the forming operation of Ti-TWBs were carried out with fill consideration of 

the distinctive properties of base metal and TWBs. The forming behaviors of Ti-TWBs at 
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elevated temperatures were then obtained while the failure location could be computed 

accurately. 

 

4.2.5 Stage V – Experimental verification of simulation results 

More experiments were carried out for the major proposed of verifying results of 

Ti-TWBs forming. Forming tests were performed with Ti-TWB specimens with various 

widths and forming conditions. The corresponding samples were then selected to compare 

the simulated results under similar forming conditions in terms of LDH value, strain 

distribution and failure position. 
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CHAPTER 5 EXPERIMETAL PERFORMANCE AND FORMING SIMULAITONS 

The details of the experiments will be described in this chapter. By carrying out a 

series of experiments, the mechanical and forming behaviors of titanium base metals 

(Ti-BMs) and titanium tailor-welded blanks (Ti-TWBs) under various temperatures were 

obtained. In addition, the measured and computed damage variables, which used for the 

failure analysis will be illustrated in this chapter. 

 

5.1 Specimens Preparation 

  During the study, titanium alloys (Ti-6Al-4V) in thicknesses of 0.7mm and 1.0mm 

were selected and tailor-welded by laser welding to fabricate Ti-TWBs. The combinations 

of Ti-TWBs including 0.7mm/0.7mm, 0.7mm/1.0mm and 1.0mm/1.0mm were studied. 

The dimension of forming specimen was modified by ASTM standard [58] which could 

determine the strain deformation under uniaxial stretching, plane stretching and biaxial 

deformation. The chemical composition of the Ti-6Al-4V and the size and geometry are 

shown in Table 5.1 and Figure 5.1 respectively.  

In order to examine the forming behaviors of the Ti-BMs and Ti-TWBs, 

approximately 40 sets (120 pieces full modes) and 80 sets (240 pieces half modes) of 

rectangular specimens in widths 25mm, 90mm and 100mm were cut and ground. The scale 

on the surface was removed by pickling solutions, 27% HNO3, 3% HF and 70% H2O [44]. 

Before welding, all specimens were cleaned by alcohol or acetone to enhance the 
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weldability of their edges. The flowchart of specimen preparation is shown in Figure 5.2. 

The examinations for qualified TWBs were conducted according to the standards and 

welding handbook. The details will be described in the next section.  

 

Chemical compositions (%) 

Al V Fe C N O Ti 

6.0 5.2 0.06 0.01 0.01 0.13 Bal. 

Table 5.1 Chemical compositions of Ti-6Al-4V 

 

General mechanical properties 

Density 5.43g/cc 

Tensile strength, ultimate @RT 950MPa 

Tensile strength, yield @RT 880MPa 

Modulus of elasticity 1103.8GPa 

Notched tensile strength 1450MPa 

Poisson’s ratio 0.342 

Shear modulus 44GPa 

Shear strength 550MPa 

Specific heat capacity 0.5263J/g-°C 

Melting point 1604 – 1660 °C 

Beta transus 980°C 

Table 5.2 General mechanical properties of Ti-6Al-4V 
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 Full Mode (AxB) Half Mode (AxB) 

25mm x 160mm 25mm x 80mm 

90mm x 150mm 90mm x 75mm 

110mm x 110mm 110mm x 55mm 

Table 5.3 Dimension of specimens both full mode and half mode 

 

Figure 5.1 Geometries of specimens for formability test 

5.2 Laser Welding Preparation 

 As the alignment and fit-up for laser welding are very important, special fixtures and 

clamping jigs were designed and employed for this purpose. Argon gas was used as a 

shielding gas to prevent oxidation. Optimal welding parameters were obtained by 

fine-tuning the laser powers, welding speeds and focal lengths, the laser assembly for this 

is depicted in Figures 5.3 and 5.4. A pair of specimens was placed in the jig and positioned 

by some screws. The alignment of the edges needed to be close enough to ensure the 

melting efficiency. The sizes and dimensions of the specimens are shown in Figures 5.1 

and Table 5.3. 
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Figure 5.2 The flowchart of welding specimen preparation 
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After welding, the qualified Ti-TWBs and Ti-BMS were laser-marked with square 

grids (1.0mm), circle grids (∅0.8mm) and combination grids (circle grids with 0.8mm 

diameter and square grids with 1.0mm) as shown in Figures 5.5-5.7. The pattern of the 

grids was used to measure the distributions of major strain and minor strain during the 

deformation at elevated temperatures. The forming limit diagrams of Ti-BM with different 

grid patterns were studied and used to determine the suitable grid patterns measuring the 

forming limit diagram of Ti-TWBs at elevated temperatures. As mentioned in previous 

section, both circle and square pattern (combination pattern) could be used to determine the 

strain deformation of metallic sheet materials in accordance with ASTM standard [58]. 

However, nearly all traditional printing methods could not apply on specimen which 

undergone thermal forming/analysis. The laser-engraving method was employed to table 

the aforementioned problem. The specimen with laser-engraved circle and square pattern 

in size of 1mm was selected and placed in the uniaxial tensile testing machine with furnace 

temperature varying from RT to 650°C for testing. The specimen was then taken out to 

measure the strain deformation at each specific strain interval (each 5mm/mm).  
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Figure 5.3 The setup of the laser welding without gas nozzle in position 

 

 

Figure 5.4 The enlargement of the specimen alignment for Ti-TWBs (0.7mm/1.0mm) 
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Figure 5.5 The circle grids 

pattern 

Figure 5.6 The square grids 

pattern 

Figure 5.7 The combination 

pattern  

Descaled specimens were prepared for laser welding. A 2kW Nd:YAG laser was used 

to weld the Ti-TWBs in different thickness combinations of 0.7mm/0.7mm, 0.7mm/1.0mm 

and 1.0mm/1.0mm. During welding, a convex focusing lens with 100mm focal length was 

employed. Argon gas was used as a shielding; the flow rate of the upper part was around 

20 – 22l/min and the lower section was around 45l/min. The laser beam and the speed were 

fine-adjusted during the testable welding. The optimal welding parameters of different 

combinations of Ti-TWBs have been summarized in Section 5.2. The quality of all 

Ti-TWBs specimens was inspected according to the standard [45] and welding handbook 

[9]. Definition of the qualified specimens will be discussed in the next chapter.  
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Figure 5.8 Qualified specimens of Ti-TWBs (0.7mm/1.0mm) with different widths of 

25mm, 90mm and 110mm 
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Figure 5.9 Overall procedures of welding and quality checking of Ti-TWBs 
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5.3 Uniaxial Tensile Tests Preparation 

 The uniaxial tensile test is the common intrinsic test of sheet metal formability. The 

results indicated the forming temperature ranges for both Ti-BMs and Ti-TWBs. The size 

of tensile specimen was modified by ASTM standard [82] to fit the working area of the 

existing uniaxial tensile machine. Rectangular specimens with the gauge length of 10.0mm 

and the width of 3.0mm were machined from the Ti-6Al-4V sheet (500mm x 500mm). For 

the Ti-TWBs, two rectangular plates with dimensions 20mm x 50mm were welded 

together and wire-cut for specific gauge lengths, 0.5mm and 1.5mm. Different welding 

orientations (i.e. 0° and 90°) were considered for this test. The dimensions and the shape of 

the specimen are shown in Figures 5.10–5.12. All specimen for tensile tests, i.e. weldzone, 

HAZ and base metal, were prepared by wire-cut which provides high accuracy of 

dimension and minimize the distortion after machining. Those edges were then filed to 

remove scraps before testing. All specimens were tested under different temperatures (i.e. 

room temperature, 300°C, 450°C and 550°C) and various strain rates (i.e. 10-1 ~ 10-5). In 

order to collect more data on the change of stiffness and strains during compressions along 

transverse direction and longitudinal direction at designated temperature for calculating of , 

the effective Young’s modulus and effective Poisson’s ratio, another specimen was 

designed for measurement and shown in Figure 5.13.  
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Figure 5.10 The dimensions of tensile specimen of Ti-BM 

 

Figure 5.11 The dimensions of tensile specimen of Ti-TWB  

(Welding orientation is 0°) 

 

 

 

 

 

Figure 5.12 The dimensions of tensile specimen of Ti-TWB  

(Welding orientation is 90°) 

Loading direction 

Weldment 
Loading direction 

Loading direction 

Weldment 



75 

 

Figure 5.13 The dimensions of tensile specimen of Ti-BM for damage variables 

measurement   

 

 Tests were conducted to determine the tensile strength, yield strength and elongation 

of the specimens at elevated temperatures. The base metal (BM), weldline and the heat 

affected zone (HAZ) of the titanium alloy (Ti-6Al-4V) were examined. Specimens were 

placed in the INSTRON universal testing machine equipped with a furnace. Room 

temperature, 300°C, 450°C, 550°C and 650°C were applied to both the Ti-BM and the 

Ti-TWB specimens to test the material properties. In this study, the size of grid pattern was 

selected as 1mm which could print on the specimen in gage width of 3mm and determined 

the change of strain during the testing. Further details of the printing methods will be 

provided in the next section. 

In order to check the change of strains for the Ti-BMs and Ti-TWBs during the 

deformation process, the strain rate was computed by the commercial finite element 

software – PAM-STAMPTM [40] with the experimental punch speed. The strain rate was 

around 6x10-4/s. The flowchart of the temperature uniaxial tensile test is shown in Figure 
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5.14. 

5.4 Strain Measurement 

In this investigation, a grid reformation for strain measurement was employed to 

measure the strain distributions of the deformed Ti-TWBs at elevated temperatures. Three 

types of grid patterns, i.e. circle (0.8mm diameter), square (1.0mm) and combination, were 

laser-marked on the surface of the Ti-BM specimen. The patterns of the grids are shown in 

Figures 5.5 to 5.7. The forming limit diagrams (FLD) of titanium base metal and Ti-TWBs 

were constructed from these proposed grid patterns. Subsequently, all Ti-TWBs specimens 

were laser-marked with grids of the combination pattern, 1.0mm squares and 0.8mm 

diameter circle, on their surfaces to measure the major and minor strain distributions at 

different temperatures (i.e. room temperature, 300°C and 550°C). Unlike other traditional 

printing methods, the laser-engraving method could provide the pattern size smaller to 

0.01mm which is more accuracy for strain measurement. 
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Figure 5.14 The procedure flow chart of the uniaxial tensile test 
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 5.5 Tooling Design and Fabrication 

 In order to carry out the forming test for the Ti-BMs and Ti-TWBs, the forming 

section of the HILLE machine was modified to meet the special requirements for forming 

at elevated temperatures, i.e. the blank holder, the die, the punch, the intermediate plate, 

the lower section plate and the breech housing section. The concept of the tooling design is 

shown in Figure 5.15. The overall diagram of the redesigned tooling system is shown in 

Figure 5.16.  

 

 

Figure 5.15 The conceptual flowchart of the tooling design 

 

  

Figure 5.16 Schematic diagram of the tooling system with built-in heating 

elements and insulation plates 

Heating Forming 
Tool 

Control Monitoring 
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 To determine the formability of the Ti-BMs and Ti-TWBs at elevated temperatures, 

the heating elements were placed in the vacant space of the blank holder and the die. 

Figures 5.17 and 5.18 show the design of the blank holder and the die. For the blank holder, 

the coil heater was placed in the vacant space, as shown in Figure 5.17. The function of the 

exit was to allow the electric wires to connect the coil heater. The coil heater of 

1500W/220V was placed into the vacant space of the blank holder. The heat insulation 

packs were designed specially and installed at critical locations of the tooling system. This 

pack contains the marble plate and the ceramic fiber insulator. The function of the heat 

insulation was to minimize the heat loss and ensure a reliable performance of the HILLE 

machine, as shown in Figure 5.18. 

 

Figure 5.17 The cross-section diagram of the modified blank holder 

For the die, as with the blank holder, the vacant place was used to install the coil 

heater. The room of the vacant space of the die was smaller than the blank holder, therefore, 

the coil heater was the spiral wound type with ceramic protectors, shown in Figure 5.18. 

The specification of the spiral wound type coil is 1500W/220V. 

Vacant space 

Exit 
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Figure 5.18 The cross-section diagram of the modified die 

Therefore, the additional heater was designed and placed into the hole of the tooling 

system. 

 The punch was modified to meet the forming requirement at elevated temperatures. 

Unlike the blank holder and the die, there was no additional heater added into the punch. 

This is because the room of the punch was not enough to install the heater. To minimize the 

heat loss to the surroundings during deformation, the insulation ring, with a thickness of 

30mm was added to prevent the heat conduction from the punch to the hydraulic pump 

section of the HILLE machine. The overall design of the punch is shown in Figure 5.19. 

 Moreover, thermal expansion is considered to be an important factor in the design 

stage. Some original components of the HILLE machine were not used during the forming 

at elevated temperature, for example the breech housing, the lower section plate and the 

intermediate plate. 

Vacant space 
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Figure 5.19 The cross-section diagram of the punch with insulation ring 

 The lower section plate was modified by adding the coil heater into the blank holder 

and the overall size of the blank holder increased. Figure 5.20 shows the modification of 

the lower section plate. 

 

Figure 5.20 The diagram of modified lower section plate 

  

New punch head 

Insulating ring (30mm) 

Original punch base 
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On the other hand, the additional heater and the insulator plate were added into the die. 

As the middle part of the upper forming section of the HILLE machine, the intermediate 

plate should be modified to provide enough spacing. Figure 5.21 shows the new 

intermediate plate. Also, an additional semi-circle tunnel was milled on the intermediate 

plate for air cooling. 

 

Figure 5.21 The diagram of modified intermediate plate 

 In addition, the breech housing was modified to match the change of the intermediate 

plate. The outward appearance and dimensions are the same as the original breech housing, 

because this part is buckled up with the original bayonet lock, as shown in Figure 5.22. 

 

Figure 5.22 The diagram of modified breech housing 
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5.6 Equipment Setup for Forming Process at Elevated Temperatures 

The modified HILLE with the temperature control device was set up to form titanium 

base metal and Ti-TWBs at elevated temperatures. Figure 5.23 shows the overall 

appearance of the specially constructed forming device with the punch, die and blank 

holder and the temperature control device. The relationship between the tooling system and 

the temperature control device is shown in Figure 5.24. 

 

 

Figure 5.23 The modified HILLE machine with heating elements 

 

 

 

 

 

 

Figure 5.24 The relationship between the tooling system and the temperature control device 
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The significant feature of this device is the control of the tooling temperature from 

room temperature to 600°C with an accuracy of ±5°C. The device contains four switchers, 

each connected with the digital temperature controllers. The heating element of the die and 

the blank holder are associated with this device. The temperature of the die and the blank 

holder can keep stable. Also, the surface temperature of the die and the blank holder can be 

monitored easily. Different distinct groups of heating temperature designed for the forming 

test are listed in Table 5.4.  

Distinct Group 1 2 3 4 

Blank Holder (°C) RT 300 450 550 

Die (°C) RT 300 450 550 

Table 5.4 Different forming temperatures of the die and the blank holder 

 In order to increase the reliability and accuracy before and during the forming process, 

the temperature distribution of the die, the blank holder and the additional heater were 

checked by some infra-red (IR) thermometers and sensors. The surfaces of the die and the 

blank holder were checked by the IR thermometer and the thermal imaging thermometer. 

The setup is shown in Figures 5.25 and 5.26. The dual mount magnet surface thermometer 

was used to detect the temperature change by conduction during the forming process. 

However, neither of the existing thermal image systems was an effective measurement. 

The precise thermal system was applied to determine the temperature distribution of the 

tooling before the actual forming process, as shown in Figure 5.27. Detailed results of the 
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thermal imager will be discussed in the next section. 

 

Figure 5.25 The setup of the tooling with thermal imaging system 

 

 

Figure 5.26 The setup of the tooling with IR thermometers and dual magnet mount surface 

thermometer 

Thermal imaging 
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The tooling system 
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surface thermometer 

The tooling system 
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Figure 5.27 The setup of the advanced thermal imager with tooling  

 

The Swift Forming test is used to distinguish the formability of titanium base metal 

and Ti-TWBs. In this study, the universal sheet forming test machine with a punch of 

50mm diameter was used. The blank holding force was 6kN and the punch speed of about 

1mm/s was held constant throughout the study. The temperatures of the die and the blank 

holder which were selected for investigation were varied from RT, 300°C, 450°C and 

550°C. The specimens were pre-heated at the furnace before being placed into the tooling 

system. In order to compensate for the heat loss during the forming, the pre-heating 

temperature was slightly higher than the selected one. The temperature of the specimen 

was controlled within ±30°C, with the aid of the heating elements and heating control 

device. The overall procedures for forming titanium base metal and Ti-TWBs at elevated 

temperatures are shown in Figure 5.28.  
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 After the forming process, the limit dome height (LDH) and forming limit diagram 

(FLD) at elevated temperatures were attained from the deformed specimen. By measuring 

the deformed square grids which occurring with localized necking, the relationship of the 

major and minor strains of Ti-TWBs under different temperatures could be interpreted by 

FLD. In addition, the formability of the Ti-TWBs was also studied by measuring the limit 

dome heights. As a result, the formability of the Ti-TWBs at elevated temperatures were 

obtained. 

 

5.7 Setup and Implementation for Pre-straining 

Pre-straining is considered to be one of the methods to simulate a stage in the 

multi-stage forming process physically. The change of strain path is one of the important 

parameters affecting the FLDs of both base metals and their TWBs. To initiate the change 

of heterogeneous structures in this study without any fractures under the multi-stage 

forming process, all specimens were deformed under uniaxial stretching around 5 – 10% at 

abscissa level (major strain) by the tensile test machine. This special fixture was designed 

and employed with an induction heating device to simulate this process. The circle grid 

pattern was laser-marked to evaluate the deformation within the abscissa level under 

uniaxial stretching.  
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Figure 5.28 The overall procedures of forming titanium base metal and Ti-TWBs at 

elevated temperatures 
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The FLDs after pre-straining were compared with the measured FLDs for the single 

stage forming process under various temperatures. The maximum formability for 

heterogeneous structures was determined by studying the welding direction, strengths and 

thickness ratio of TWBs under the single stage and multi-stage forming processes. Figures 

5.29 and 5.30 show the setup of the pre-straining process for Ti-TWBs. The deformed 

specimen with grid pattern were shown in Figures 5.31 and 5.32 respectively. 

 

 

 

Figure 5.29 The setup of pre-strain process for Ti-TWBs with special designed fixture 

(Without the induction device) 

Special Fixtures 
Weldment 
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Figure 5.30 The clamping fixture with heating device connected to temperature 

controller at the MTS tensile machine 

 

  

Figure 5.31 The original grid pattern Figure 5.32 The pre-strained grid pattern 

 

 

Special designed 
Clamping fixture 

Load cell (100kN) 

Light-weight 
alloys specimen 

Heating device links to 
temperature controller 

Insulator and 
supporter 



91 

5.8 Simulations for Failure Analysis 

5.8.1 Criteria and Assumptions 

In isotropic damage theory, the failure criterion is quite straight forward as D= Dc. In 

the case of anisotropic damage, the failure criterion can be determined by different 

conditions. In the creep growth analysis, the maximum principle damage criterion is D1 = 

Dc; On the other hand, the first invariant of damage tensor Dii can be considered as another 

failure criterion. However, the second invariant of damage, i.e. overall damage criterion (w) 

proposed by Wang [93] is more physically acceptable since w is related to the damage 

equivalent stress 1and the damage evolution criterion. In the uniaxial tensile loading 

condition, the overall damage is equal to the critical damage condition, w = wc is 

equivalent to dσ  = dcσ , while, in the other case, the w does not usually depends on the 

dσ  but other parameters, such as triaxiality. This criterion was used in the model for crack 

initiation and growth analysis. 

 

5.8.2 Determination of Materials Constants 

In order to carry out the failure prediction of the forming Ti-TWBs, the material 

properties of the Ti-BMs and Ti-TWBs in this investigation were established based on the 

test which developed by Wang [72]. The stress-strain curve, Young modulus and Poisson’s 

ratio were then measured by the uniaxial tensile test under various temperatures in 

accordance with ASTM E8 [82]. The dimension of the specimens is shown in Figure 5.10. 
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The INSTRON-10T universal tensile machine with furnace temperatures ranging from RT 

to 650°C and a cross head speed is 1mm/min was used in this experiment. In order to 

measure the plastic strain under the load increment, the uniaxial load was applied 

gradually. 

Meanwhile, the conventional strain gauge could not be employed directly for titanium 

and its alloy since such material should be worked at a high temperature. In order to 

measure the Poisson’s ration under the strain increment, the combined pattern which has 

square patterns in 1mm and circle pattern in 0.8mm were laser-marked on the specimen 

with the gauge length of 15mm to measure the change of Poisson’s ratio at each loading 

and unloading cycle. All deformed square grids were measured manually with a travelling 

microscope. The changes of gauge length and gauge width were also measured at the same 

time. It was necessary for the current gauge length L to be measured and the true strain 

calculated by, 

ln( )
15
Lε =                  (5.1) 

 As the uniaxial loading increased, the plastic deformation localized into a necking 

area. The uniform assumption could no longer be used in this case. The true strain between 

each mark was measured by, 

ln ilε =                  (5.2) 

where il  was the instantaneous length of the specimen during the process. The 

corresponding true stress was calculated by measuring the cross-section area Si at the 
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necking position. 

i

P
S

σ =                  (5.3) 

where P was the applied load. The relationship between the true stress and true strain at 

elevated temperatures will be shown in the next chapter. The effective Young Modulus and 

effective Poisson’s ratio were measured at the middle part of the specimens to obtain high 

accuracy and to minimize backlash at the beginning of either loading or unloading with 5% 

total strain increment.  

The relationship between effective Young’s modulus, effective Poisson’s ratio and 

damage variables (D1, D2 and D3) can be expressed as, 
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Then, the damage evolution for uniaxial tension will be, 
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After integrations, the yield is, 
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For this study, the damage components d and μ were calculated by the modified 

Equations 3.53 and 3.54, as follows: 

2(1 2 ) (1 2 ) ( )[2(1 ) 1 3
2(1 ) 1 3

ν νν ν νν ν ν ν ν ν
µ

ν ν ν
− − − + − − + − − + −

=
− + −

      (5.10) 

21 [1 4 2(1 ) ]Ed
E

νµ ν µ= − − + −             (5.12) 

After the calculation, the relationship evolution between stress/strain and damage 

components was depicted. As well, the strain hardening threshold (Rp) was calculated 

based on the equations which described in Chapter 3.4. The initial threshold R0 was equal 

σy under uniaxial tension. The increment of the strain hardening threshold was calculated 

by Equation 3.58, and the overall plastic strain by Equation 3.64. The function of dR/dp for 

the constitutive plastic equations was determined from the measured curves. The yield 

surface of Ti-TWBs determined by Equation (3.19) was  

1

2
0( , , ) [ ( )] 0p pF R R R pσ= = + =σ D           (5.13) 

Another function dB/dwp for the plastic damage evolution equations was derived 

from the curve B(wp). The initial plastic damage threshold under uniaxial tension was 

calculated by Equation 3.63, 

1/2
2

0
1 (1 4 4 )
2

dB
E
σν γν = + −  

           (5.14)
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The mechanical properties of the Ti-BMs and Ti-TWBs were measured and will be 

reported in the next chapter. The gradual degradation behaviors of the material could be 

seen while the stress was increasing. All experimental and computed damage parameters 

will then input into a general purpose finite element software package which considered 

the materials properties for further failure analysis.  

 

5.8.3 Finite Element Simulation for Forming Ti-TWBs at Elevated Temperatures 

The simulation of the forming process of the Ti-TWBs was carried out at elevated 

temperatures using finite element analysis to determine the optimum forming conditions of 

the Ti-TWBs was carried out. A general-purpose commercial package PAM-STAMPTM 

[40] was employed for a preliminary analysis to predict the failure locations of Ti-TWBs 

during the forming process at elevated temperatures. In order to enhance the accuracy of 

the simulation results, the material properties of the Ti-BMs and Ti-TWBs as well as the 

tooling geometry were input into the finite element model. The tooling geometry was 

defined as a rigid shell model including the blank holder, the die and the semi-cylindrical 

punch in 50mm diameter shown in Figure 5.33. Due to symmetry, the half-size of the 

Ti-TWB and the tooling were discretized. For the boundary condition, it was assumed that 

the friction between the blank and the tooling was set to be 0.12. The scale factor was 0.03. 

The punch speed was chosen to be 1mm/s, and the blank holder force was 6.5kN.  
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Apart from the aforesaid conditions, suitable constraints and boundary conditions of 

the forming condition were implemented together those material model parameters of 

Ti-TWBs which obtained from the real experiments, so as to increase the overall accuracy 

of simulation results. Details of constraints and boundary conditions as well as material 

model parameters of the numerical model for failure analysis of Ti-TWBs are listed as 

follows: 

Constraints & boundary conditions: In the first load step of finite element analysis, 

Ti-TWB strip was pre-strained by around 10% along its longitudinal direction and all 

degrees of freedoms of the nodes in the tooling devices were restricted. Subsequently, the 

blank holder had to be pressed against the die which was able to hold the specimen firmly. 

Hence, the surface of the pre-strained specimen along the through-thickness direction is 

constrained. Due to the difference in the thicknesses of Ti-TWBs (0.7mm/1.0mm), extra 

0.15mm and 0.3mm displacements of the die to the specimen were applied to the weldline 

and the thinner side of Ti-TWB. In the second load step, all nodes of the blank holder and 

the die are under constrained, and the punch moved upward and caused a deformation of 

the Ti-TWB specimen. The blank holding force, the movement of all tooling devices, the 

friction coefficient, speed of the punch, the working temperatures and the geometry of the 

tooling were treated as boundary conditions of this analysis.  
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Material model parameters: Effective Young’s modulus and Poisson’ ratio, the 

stress-strain relationship at different strain rates under various temperatures as well as the 

forming limit curves measured by experiments were input as material model parameters in 

the finite element analysis. From the above mechanical properties, the damage components 

(d and µ) and damage variables (D1, D2 and D3) were then determined. Those material 

parameters were then implemented in the ABAQUS with the designated working condition 

for failure analysis. 

 The stress-strain relationships of the Ti-BMs under 550ºC and various strain rates 

(1/s, 0.1/s, 0.01/s and 0.006/s) were measured and imported. For details of the uniaxial 

tensile test results, please refer to the next chapter. In fact, tensile test results are among the 

important criteria for determining the uniaxial deformation behaviors of the Ti-TWBs. 

Such experimental stress-strain properties of Ti-BMs were input into the finite element 

model. On the other hand, to simplify the model of the blank, the properties of weldline for 

the Ti-TWBs were not considered during the process but assumed the width of 2mm.  

The meshing of the program was refined automatically. One-level refinement was 

preformed by the system before processing, and then all elements were cut into a number 

of pieces based on the refinement level which was set by the user. In this study, the 

maximum refinement level was 4 and the minimum refinement level was 1. To simulate 

the forming behaviors of the Ti-TWBs at 550°C, approximately 1000 membrane elements 

were used. The progression of the simulation was based on time, each stage taking 2.5 
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seconds. The simulation was terminated after 10 stages (25 seconds). In the following 

section, the computed results were compared with the experimental results for verification. 

In this case, the damage variables were not taken into account while carrying out the 

failure analysis for forming titanium alloys and its tailor-welded blanks. The simulation 

results by PAM-STAMP were only considered as a benchmark for the failure analysis. 

 

Figure 5.33 The element mesh of the tooling system of Ti-TWBs by PAM-STAMP before 

the process 

A further failure study of forming as well multi-stage forming was carried out by 

another general purpose finite element code, ABAQUS. The dimension of specimens and 

the tooling setup were exactly same as the forming experiment, as depicts in Figure 5.34.  
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Figure 5.34 Constraints & boundary conditions of the numerical model (The model was cut 

into half along the YOZ plane to better show each part of the assembly). 

 

In this investigation, the weldline with 1mm width and HAZ with 0.5mm was 

modeled. The thickness of the weldline was assumed to be the average of the thin and thick 

base metals, i.e. 0.85mm. Unlike other common commercial software packages, ABAQUS 

offers a tailor-made environment in which to simulate the thermal deformation of Ti-TWBs 

under both single-stage and multi-stage conditions. At the pre-processing stage, the 

forming condition as well the materials properties were imported into different moduli: the 

part, property, assembly, step, interaction, load, mesh and job. Also, the first-stage 

deformation (pre-straining) was pretended by a modulus named “step”.    

As mentioned in Chapter 5.7, Ti-TWBs were physically pre-strained at uniaxial 

direction of around 10% before carrying out the second stage of deformation. In order to 

(d) 
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imitate the similar condition in the ABAQUS, some boundary conditions were employed to 

control the movement and to provide interactions between the specimen and tooling 

devices. In this case, a dynamic and explicit model was selected to control the forming 

process. In addition, the displacement and rotation was selected as the type of boundary 

condition. The general setup is depicted in Figure 5.35; the definition of each step is as 

follows: 

1. Step 1 –All the tooling devices (Reference Point 1 (PR-1) for blank holder, PR-2 

for punch and PR-3 for die) were fixed (see Figure 5.34a) and the 

Ti-TWB strip was pre-strained (see Figure 5.34b). Specimen is 

physically prestrainied 10% at uniaxial direction and without any 

contacts to the tooling devices and other parts of tooling have no action. 

2. Step 2 -- The uniaxial moment along the Y-axis of the specimen is inactive. The 

blank holder and the die moves and contacts with the prestrained 

Ti-TWB specimen (see Figure 5.34b). Force applied on the blank holder 

& the specimen and the die and the specimen respectively to hold the 

operation. Afterward, the blank holder pressed against the die to hold 

the specimen (RP-1 in Figure 5.34c), and other tooling devices and the 

blank were fixed. 

3. Step 3 – The movements of the prestrained specimen, the die and the blank holder 

are inactive. The punch moved downward to deform the specimen (see 
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RP-2 in Figure 5.34d), other tooling devices were fixed, and the blank 

was held between the blank holder and die with a certain force. 

 

 

Figure 5.35 Boundary conditions of each step which used in the multi-stage forming 

process 

In order to increase the correctness of failure analysis for Ti-TWBs, a more precise 

model of meshing of the specimen should have been applied. However, due to the complex 

structure and the mechanical properties of the Ti-TWBs and reduction of the computation 

time as well as memory of computer, the dual meshing system was employed in this 

investigation. The specimen was divided into two major regions, base metal and weldline. 

The rectangular shell element of weldline and HAZ were 0.33mm x 0.33mm and 0.4mm x 

0.4mm respectively as well as quadrilateral shell element of base metal with 1.2mm x 
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1.2mm was modeled. The width of the weldline was around 1.0 mm and the transition zone, 

i.e. HAZ, between the base metal and the weldline was less than 0.4mm. The thickness of 

the HAZ was taken to be the average thickness between the base metal and adjacent to the 

weldline, i.e. 0.85mm. To examine the mesh sensitivity of the simulation and make good 

comparisons between the simulation results by using PAMSTAMP and ABAQUS, a coarse 

mesh and fine mesh were modeled, as exhibited in Figures 5.36 – 5.38.   

 

Figure 5.36 FE mesh for Ti-TWBs (width: 25mm, coarse) 

 

Figure 5.37 FE mesh for Ti-TWBs (width: 25mm, fine)} 
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Figure 5.38 Meshes for BM, HAZ and Weld in the FE model: the mesh sizes for BM, 

HAZ and weldline were 1.2mm, 0.4mm and 0.33mm respectively 
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Figure 5.39 The geometrical shapes of the initial and pre-strained weldline 

The deformation of weldline in the numerical model after the pre-straining process 

was found to be very small (less than 2%) due to the relatively high stiffness of the 

weldline material. Same mesh of the weldline was used and carried out the analysis of the 

second stage of deformation. The geometry of weldline in the numerical model after the 

pre-straining process is shown in Figure 5.39.  

As mentioned in previous section, to increase the accuracy of those simulation results, 

individual sets of material flow parameters for the weldline, the HAZ and the BM were 

used in the numerical model. For each kind of material, stress-strain data under uniaxial 

tension were collected experimentally at different strain rates and elevated temperatures. 

Material flow parameters were then determined accordingly and assigned to the plasticity 

models of the weldline, HAZ and BM meshes separately in both stress and failure analyses 

of Ti-TWBs. Also, the experimental FLD, measured the stress-strain relationships of the 

Ti-TWBs (weldline and base metal) under various temperatures and conditions; the 

measured material properties and the tooling system were implemented into the model. The 
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punch, the die and the blank holder were also modeled with shell elements and assumed to 

be rigid. All forming conditions are the same as for the preliminary study carried out by 

using PAM-STAMP. The punch velocity was 1mm/s. A blanking holder force of around 6.5 

kN was assigned. No lubricant was used in the stamping operation. The coefficient of 

friction was set to be 0.2 to simulate the “dry friction” between the blank and the whole 

setup of tooling. It was worth noting that the results by both coarse and fine meshes were 

similar. In order to save time on computation, the coarse mesh was selected finally. The 

geometrical models and meshes of BM, HAZ and Weld used for FE simulations shown in 

Figures 5.40 respectively. Details of the simulation results with experimental validation 

which considered material characteristics and measured damage variables will be reported 

in the next Chapter. 
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Figure 5.40 Geometrical models of BM, HAZ and Weld used for FE simulations 
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CHAPTER 6  RESULTS AND DISCUSSIONS 

 In this chapter, results of the measured stress-strain relationship, formability analysis, 

effects of stress relieving, effects of tooling temperature and failure analysis of Ti-BMs and 

Ti-TWBs are presents and discussed. Data comparison between the simulations and 

experiments was carried out and verified. 

 

6.1 Tensile Test Results of Ti-BMs under various temperatures 

 The uniaxial tests [46] were conducted in air using the INSTRON universal testing 

machine with a split furnace at temperatures up to 550°C at a constant cross-head speed of 

0.1mm/sec. The various strain rates from 10-1 ~ 10-4 under different temperature ranges 

were investigated to determine the relationships between the temperature and speed of the 

Ti-BMs.  

According to the tensile test results, the true stress decreased significantly while the 

temperature increased. The true strain value at 550°C was three times more than at room 

temperature. The original size of the specimen for the tensile test of the titanium base metal 

is shown in Figure 5.10. Actually, compared with the specimen at room temperature, the 

localized necking effects were observed with the temperature reaching to around 550°C, as 

shown in Figures 6.1 and 6.2.  
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Figure 6.1 Sample of titanium base metal after tensile test at room temperature 

 

 

 Figure 6.2 Sample of titanium base metal after tensile test at 550°C 

 Referring to the tensile test results, the largest strain value with a localized necking 

effect on the titanium base metal was demonstrated at temperatures around 550°C. This 

reveals that titanium alloy is dependent on the temperature range; specifically, its ductility 

depends on the temperature. According to the tensile test result, an important index for 

forming Ti-TWBs is the exhibition of similar results, while Ti-BMs are under high strain 

rates whether the temperature is high or low. However, at the relatively slow strain rates, 

such as 10-3 or below, the stress-strain properties differed from the high strain rate. The 

forming condition of Ti-TWBs should have been 550°C or above. Figures 6.3 – 6.7 show 

the results for the Ti-BMs at different temperatures. The tensile tests under various 

temperatures and different strain rates of the Ti-TWBs were tested. In order to determine 

15mm 

3mm 

Diffusion necking 

Localized necking 
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the tensile properties of specific conditions, different welding orientations (0° and 90°), 

weldlines and weldline & HAZ zones were studied. The Ti-BMs were tested at different 

temperatures under various strain rates. It was observed that the stress values were very 

similar for all specimens when tested at room temperature (RT) under different strain rates. 

The elongation of the specimen was around 15%-18%. A similar pattern in the tensile 

curves was found at the working temperature of 300°C. Meanwhile, the stress level of 

300°C was 75% of that at RT. This phenomenon can be explained by its specific material 

properties – poor workability at the relatively low temperature. 
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Figure 6.3 The stress-strain relationship of Ti-6Al-4V (base metal) at elevated temperatures 

(0.1mm/sec) 
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However, at the temperatures around 450°C, the results show some differences. A 

similar pattern was found at the high strain rate, i.e. 1/s and 0.1/s only. For the low strain 

rate, i.e. 0.01/s or below, the elongation of the specimen improved by around 40% (for 

0.01/s) and around 65% (for 0.001/s). This result reveals that the Ti-6Al-4V is quite 

sensitive at the temperature at 450°C. Nevertheless, this phenomenon has also been found 

at 550°C under high strain rates. The localized necking effect was observed under such 

conditions. 
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Figure 6.4 True Stress-strain curves of base metal in thickness at strain rate = 1/s 
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Figure 6.5 True Stress-strain curves of base metal at strain rate = 0.1/s 
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Figure 6.6 True Stress-strain curves of base metal at strain = 0.01/s 
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Figure 6.7 True Stress-strain curves of base metal at strain rate = 0.001/s 
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6.2 Laser Welded of Titanium Tailor-Welded Blanks 

6.2.1 Optimization of Welding Process 

  Different thickness combinations of Ti-TWBs were tailor welded by 2.0kW Nd:YAG 

laser welding with shielding gas (Argon, 20l/min). In order to select the optimum 

parameters for welding of the Ti-TWBs, the ranges of the power, speed and shielding gas 

flow were initiated and studied. Table 6.1 shows the range of parameters which were used 

to find the optimal welding parameters. After a series of tests, the optimal welding 

parameters were obtained, as listed in Table 6.2. The macroscopic views of the weldline in 

top view, side view and back view are illustrated in Figures 6.8 – 6.11. It was found that 

the shielding of the Ti-TWBs was in a good condition – silvery in color. The 

cross-sectional weld profile is exhibited in Figures 6.12. Referring to the international 

standards ISO EN 15614-11:2002 [45] and welding handbook [9, 47], the weld profile 

should be considered acceptable as full penetration of the weld was achieved and no 

serious welding imperfections, such as misalignment, undercut, sagging or shrinkage 

groove, were observed in the weld. 
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Thickness combination 

(mm) 

Power (W) Speed (mm/s) Gas flow 

(l/min) 

Mode 

0.7/0.7 750 -- 830 25 -- 30 20 -- 25 Pulse 

0.7/1.0 800 -- 870 25 -- 30 20 -- 25 Pulse 

1.0/1.0 780 -- 850 25 -- 30 20 -- 25 Pulse 

Table 6.1 Test range of laser welding parameters for Ti-TWBs 

 

Table 6.2 Optimal welding parameters of Ti-TWBs 

 

Thickness Combination 

(mm) 

Power (W) Speed (mm/s) Focus Mode 

0.7/0.7 700 25 On the surface Pulse 

0.7/1.0 730 27 Surface of the 

thicker material 

Pulse 

1.0/1.0 750 29 On the surface Pulse 
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Figure 6.8 The qualified Ti-TWBs (Full mode) 

 

Figure 6.9 The front side of weldline section for Ti-TWBs 

 

Figure 6.10 The cross-section side of weldline section for Ti-TWBs 
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Figure 6.11 The back side of weldline section for Ti-TWBs 

 

Figure 6.12 The cross-sectional weld profile of weldline obtained from an acceptable 

Ti-TWB (0.7mm/1.0mm) 

0.7mm 

1.0mm 



118 

 

Figure 6.13 The microstructual observation of the weldline of 0.7mm/1.0mm qualified 

Ti-TWB (magnification of 50X) 

  

Figure 6.14 The microstructual observation of the weldline and HAZ of 0.7mm/1.0mm 

qualified Ti-TWB (magnification of 50X) 
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Figure 6.15 The microstructual observation of the base metal of 0.7mm/1.0mm qualified 

Ti-TWB (magnification of 50X) 

 Several assessments and tests were carried out to determine the quality of the welded 

specimens. In general, by visual inspection, the quality of such Ti-TWBs can be accepted 

for further analyses whenever the weldline color is silver or light straw colored. However, 

this is not a reliable method for examining the quality of weldline. Therefore, the weld 

profile was examined by metallographic examination. The microstructures of quality welds 

are shown in Figures 6.13 – 6.15, which show the full penetration without porosity inside 

the weld. 

 Vicker’s hardness test [48] was carried out to measure the variation of hardness at the 

weldline, HAZ and base metal. The hardness test results are shown in Figures 6.16 and 

6.17. The hardness value at the weld center was around 400Hv. The peak value of hardness 
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at the weld center was 425Hv. This was because of the phase transformation and 

grain-refinement characteristics in the weld center [49]. In addition, the uniaxial tests of 

some selected specimens were carried out to determine the qualified Ti-TWBs, as shown in 

Figure 6.18.  

 

Figure 6.16 Vickers hardness tests on Ti-TWB of 0.7mm/1.0mm  

(Magnification of 5X) 
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Figure 6.17 The result of Vickers Hardness tests on Ti-TWB (0.7mm/1.0mm) 

Base metal 
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Figure 6.18 Samples of qualified Ti-TWB specimens after tensile test at different 

temperatures 

 

6.2.2 Mechanical tests of Titanium Tailor-Welded Blanks 

   The welding quality of the Ti-TWBs, especially the welding orientation of 90°were 

tested using the uniaxial tensile test at elevated temperatures. Since, as was discussed in 

section 6.1, the suitable forming condition is above 550°C, all Ti-TWBs specimen were 

tested at around 550°C under different strain rates. The overall size of the specimen was 

very similar to the uniaxial tensile test of titanium TWBs, but the gauge width was changed 

to 1.5mm (weldline & HAZ) and 0.5mm (weldline). 

 The tensile testing of Ti-6Al-4V was carried out under various temperatures, i.e. room 

temperature (RT), 300°C, 550°C, and 650°C, at constant cross-head speed of 0.1mm/sec. 

Figures 6.3 illustrates the stress-strain relationship of the material at elevated temperatures.
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According to the tensile test results and observations, shown in Figures 6.19 – 6.22, all 

specimens of Ti-TWBs had qualified weldlines. The true stress of weldline and weldline & 

HAZ was much stronger than the base metal - nearly twice as strong. However, the strain 

was one-fourth of the base metal. Also, from the following results, all failures were 

occurred at the weaker location rather than the weldline, excluding the specimens of 

weldline and weldline with HAZ. As mentioned in many previous research papers [50-52], 

qualified TWBs are the basic requirement for the prior forming process.  

Moreover, the result shows that the formability of Ti-TWBs at high strain rate and 

high temperatures is the same as the result at low temperature and high strain rate. Strain 

rate and temperatures play an important role during the deformation process. It is worth 

noting that the surface oxidation of the tensile specimen could be represented by the 

working temperatures. According to the report by Kobelco [88], the surface which 

oxidizies in a golden and/or shiny purple color stands for the working temperature with a 

range of 540°C - 560°C.  
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Figure 6.19 Selected sample of Ti-TWBs after tensile test at 550°C (Strain rate is 1/s) 
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Figure 6.20 Comparisons between different parts of Ti-TWBs at 550°C 

(Strain rate is 1/s) 
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Figure 6.21 Sample of Ti-TWBs after tensile test at 550°C  

(Strain rate is 0.001/s) 
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Figure 6.22 The stress-strain relationship of Ti-TWBs at 550°C 

(Strain rate is 0.001/s) 
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 Like other hexagonal close-packed structures, the tensile strengths and the ductility of 

Ti-6Al-4V are highly temperature dependent. Both the tensile strength and the yield 

strength of Ti-6Al-4V decreased significantly with increase in temperature. The elongation 

of Ti-6Al-4V at both RT and 300°C was similar in magnitude (i.e. 12% and 13.4%) while 

the ultimate tensile strengths were 1140MPa and 790MPa respectively. At the temperature 

range of 300°C and 550°C, the tensile strength at 550°C reduced by one-third to that at 

300°C. The strain values, on the other hand, increased significantly, nearly two-fold from 

300°C to 550°C (i.e. 13.4% to 24.3%). At 650°C, the strain increased only slightly from 

550°C (i.e. 29%). Increase in temperatures from room temperature to 550°C were observed 

to yield over 100% of the strain values of the Ti-TWBs (i.e. from 12% to 24.3%). The 

forming temperature for Ti-6Al-4V chosen for the investigation was thus 550°C. 

According to the above findings, 550°C can be seen to be the most suitable 

temperature for testing the tensile properties of the Ti-TWBs. Selected specimen were 

tested at the strain rates = 1/s and 0.001/s. For the strain rate of 1/s, the result revealed that 

there was no plastic elongation at the high strain rate. This is because the material 

properties of HAZ and weldline are very similar; both are melted at over 1000°C by laser 

power and the phase changes from alpha and beta structure to the transmitted beta structure. 

The HAZ can show nearly double the strain of the weldline, because the HAZ is comprised 

of the transformed base metal. This is the reason why the elongation of HAZ was a little bit 

longer than the weldline. On the other hand, the tensile strains of the Ti-TWBs were much 
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lower than those of the base metals. Actually, due to the structural characteristics of the 

TWBs, the deformation in the thinner/weaker side of base metal became dominant, 

resulting in a significant reduction of overall elongation of the TWB metal [53]. 

 

6.3 Effects of Tooling Temperatures on Limit Dome Heights at Elevated 

 Temperatures 

6.3.1 Reliability of Developed Tooling System  

 Various heating elements were installed in the blank holder and the die, as depicted in 

Figure 4.16. An important benefit of the tooling system is that temperatures on the surfaces 

of the die and the blank holder can be controlled and monitored with the temperature 

control device. The equipment accuracy of the temperature controller has been found to be 

±0.5%. Some heat loss to the surroundings is expected to occur and to affect the blank 

temperature during forming. Therefore, packs of insulation materials were installed to 

minimize the effect of temperature variation such that the overall performance of the test 

system could be ascertained within ±10ºC. The consistent formability of Ti-TWBs could 

thus be obtained by adjusting the temperature control device properly. In this study, the 

punch temperature was not considered in the tooling effect because it has been proven that 

the cooler punch could lead to a larger deformation or high LDH value during the thermal 

forming operation, similar observations have been reported in two previous studies [95 - 

96]. 
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6.3.2 Drawability of Titanium Tailor-Welded Blanks (Ti-TWBs) 

  The drawability of the Ti-TWBs at elevated temperatures was examined with their 

measured Limiting Dome Height (LDH) values from the Swift Forming Test. Several 

formed specimens are shown in Figure 6.23. Cracks were observed to initiate at the 

location near the radius of the die set and to propagate perpendicular to the major 

stretching direction. The LDH data of the Ti-TWBs produced at the elevated tooling 

temperature were compared with the base metal [54] and Ti-TWBs without heated tooling. 

The test results are summarized in Figure 6.24. 

 

 

Figure 6.23 Ti-TWBs formed at elevated temperatures (i.e. RT, 300oC and 550 oC) 
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Figure 6.24 Measured LDH values of Ti-TWBs (1.0mm/1.0mm) at elevated temperatures 

with and without tooling effect 

 

6.4 Effects of Stress Relieving on Limit Dome Heights at Elevated Temperatures  

 The stress occurs frequently after normal machining and fusion welding of titanium 

alloy. To overcome such a problem, a heat treatment process after machining or processing 

is believed to be able to relieve at least 70% of the overall residual stress of the component 

without inducing any other undesirable residual microstructual changes [55]. In this study, 

all Ti-TWBs had been heat-treated at 650°C at around 2 hours before further analysis. It 

can be observed from Figures 6.25 and 6.26 that the LDH values of the Ti-TWBs were 

enhanced significantly after the conditioned heat treatment process. At least 50% increase 

in LDHs was found at 300°C and it was even doubled at 550°C. This demonstrates that 

Ti-TWBs are deformed more efficiently after stress relieving with a nearly isothermal 
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forming condition at 550°C. Also, finer and equiaxial dimples (~10μm) had been observed 

by fractography after the heat treatment which the ductility and strength slightly improved 

of Ti-TWBs. In addition, crack failures seem to have occurred regularly at the weldline 

even though the specimens had been heat-treated at the temperature just below 600°C for 

around one hour and formed at RT and 300°C, except for that formed at 550°C. 

 Subsequently, some specimens were selected to test the forming behavior. In then case 

when the stress relieving condition was similar to the forming temperature at 550°C, the 

results reveal that the SR treatment not only had an apparent effect on the weldline, but 

also improved the formability of the Ti-TWBs. Meanwhile, the relevant LDH values 

increased twice while the forming temperature was at 550°C, as shown in Figures 6.25 and 

6.26. On the other hand, the residual stress of the weldline can be removed as well during 

the forming condition at around 550°C. This implies that the SR is not necessary if the 

forming condition is over 550°C and below 600°C 

 

   

Figure 6.25 Ti-TWBs formed at elevated temperatures after stress relieving 
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Figure 6.26 Comparison of measured LDH values of Ti-TWBs (1.0mm/1.0mm) after 

forming at different elevated temperatures 

 

6.5 Microstructual Analysis of Specimen after Stress Relieving 

Undesirable residual stresses can be minimized by stress relieving treatment without 

affecting their material or mechanical properties. In addition, the shape can be retained and 

the Bauschinger effect eliminated during the post-processing and/or machining [83]. In the 

last section, the formability of Ti-TWBs between the heat-treated and non heat-treated 

were compared and discussed. The result reveals that such treatment could improve the 

forming behaviours during the thermal forming process. In this part, a microstructure 

analysis & metallography was conducted to determine a material's response to thermal heat 

treatment. The fracture surface was observed by a scanning electron microscope (SEM). 

The fractographs were used to identify the fracture modes and to characterize the 

significance of the stress-relieving process. As we know, fractography is one of the 

methods for evaluating the details of loading events as well the material features. Therefore, 



131 

the failure appearances of the deformed Ti-TWBs were selected for a preliminary study. 

All non SR and SR treated specimens which worked in RT and 550°C are shown in Figures 

6.26-6.29. The SEM fractographs shows that the size of dimples is coarser and 

non-equiaxed (Figures 6.27 and 6.29) compared with those that were SR treated (Figures 

6.28 and 6.30). Also, the coarse tear ridges and shear-lip phenomena were observed in all 

non SR treated specimens. Due to the recrystallization during the heating process, more 

fine dimples were found in the SR specimens, especially at 550°C. Furthermore, the ductile 

feature was observed in the specimen which deformed at 550°C with SR. This can be 

explained by the behaviors and amounts of retained β phase after the heat treatment. Some 

studies have revealed that retaining a sufficient amount of β phase could maintain the 

ductility of the specimen [84].  

 The slip system of hexagonal closed packed materials can be used to explain the 

deformation mechanism of Ti-BMs and its TWBs [89]. It mainly divides into two 

categories, main slip system and secondary slip system. Most of the dislocations were 

along the prismatic (1120) <1120
−

> and (1011
−

) <1120
−

> planes primary and pyramidal 

{1101
−

} plane or basal (0001) <1120
−

> plane while the material deformed at room 

temperature [90-91]. The ductility of material was reduced and resulted in rupture whereas 

numbers of slip system was insufficient for arbitrary movement with high critical resolved 

shear stress value. Tear ridges was observed at the specimen which worked at room 

temperature, as shown in the Figure 6.27, which represented the dislocation phenomenon 

at low temperature dislocation.  

 At the working temperature ranging from 450°C to 600°C, the movement of pyramidal 

(1122
−

) <1123
−

> planes was prominent accompany with other slip effects [92], such as 

cross-slip a and prismatic slip at such high temperature. The ductility of Ti-alloys and its 

TWBs at high temperature, therefore, increased significantly by two-fold and observed fine 



132 

and equiaxed dimples at the fracture surface. 

 

Figure 6.27 Ti-TWBs without stress relieving and working at 550°C 

 

Figure 6.28 Ti-TWBs with stress relieving and working at 550°C 
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Figure 6.29 Ti-TWBs without stress relieving and working at room temperature 

 

Figure 6.30 Ti-TWBs with stress relieving and working at room temperature 
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6.6 Forming Limit Diagrams of Titanium Base Metals and Titanium Tailor-welded 

Blanks 

 The formability of the titanium base metal was examined with the aid of the modified 

press section of the HILLE machine and temperature control device. According to the 

tensile test result, Section 6.1, the titanium base metal had the largest elongation of 

temperature around 550°C. Therefore, the temperatures of the die, the blank holder and 

additional heater were set up to 550°C. The specimens of titanium base metal were heated 

up to 600°C in the furnace and placed onto the die for the Swift Forming Test. The 

temperature distributions of the tooling system were examined by the advanced thermal 

imager, shown as Figures 6.31-6.34. The emissivity of the tooling was 0.97. The 

temperature difference of both the blank holder and the die was around 550°C±10°C. 

 

Figure 6.31 The temperature distribution image of the blank holder with the blanks  
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Figure 6.32 The real time temperature distribution of the blank holder by the software 

 

 

Figure 6.33 The temperature distribution image of the die 
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Figure 6.34 The real time temperature distribution of the die by the software 

In fact, unsatisfactory results occurred during the forming process. It was found that 

the failures all occured at the radial corner of the specimen, rather than the 45° at the 

spherical location. After a series of experiments, it was found that the temperature of the 

specimen was not distributed well; in other words, it was not working under nearly 

isothermal conditions. To overcome the above problems, the punch head and coupler were 

modified as shown in Figures 6.35-6.37 respectively. The new punch was placed into the 

furnace and heated up to 600ºC. It was placed into the tooling system before the forming 

process with the HILLE machine was started. The nearly isothermal condition within 

550ºC±10ºC was attained with the aid of a temperature control device. 
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First a square grids pattern (1.0mm) was selected to determine the formability of the 

Ti-BMs at 550°C. Deformed square grids with necking effects were selected and by using 

Equation 3.7, the major and minor strains of the stretching section could be computed. The 

forming limit diagram of the stretching section for Ti-BMs at a forming temperature 

around 550°C was plotted, as shown in Figure 6.38. However, some researchers [56] have 

suspected the measured results by square pattern. Their standpoint makes it difficult to 

define the major and minor strains if the displacement is deformed within non-principle 

axes. In other words, more accurate and precise equipment must be used to measure the 

change of strain distributions while using the square grids pattern. After the forming 

process, the fracture with localized necking can be found. According to their findings, the 

circle grid pattern is then applied for the strain measurement of Ti-TWBs. The pattern is 

recommended by the ASTM standard [45] which is applied commonly in the formability of 

steel sheet. The size of the circle grid was ∅0.8mm instead of the recommended size 

(∅2.5mm) due to the increase the accuracy of the measurement and data collection. After 

deformation, the deformed longitudinal axis was considered as the major strain and the 

deformed latitude axis as the minor strain. The FLD by circle grid pattern was computed 

and is represented in Figure 6.39. 

Compared with Figures 6.38 and 6.39, the trends of the forming limit strains were 

very similar, but the strain distributions were not. In order to increase the accuracy of the 

measured FLDs of the Ti-BMs and Ti-TWBs at elevated temperatures, the combination 
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grids pattern was proposed. This is a method combining the advantages of the square grid 

patterns and circle grids pattern. It was found that data reduction analysis of the major and 

minor strains deformation was more accurate.  

 

Figure 6.35 The modified punch head 

 

Figure 6.36 The modified coupler 
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Figure 6.37 The assembly drawing of new punch head and coupler for forming 

experiment 
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Figure 6.38 The forming limit diagram of Ti-BM by square grids at 550ºC 
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Figure 6.39 The forming limit diagram of Ti-BM by circle grids at 550ºC 

 

The proposed grid pattern was applied to study the forming behaviors of the Ti-TWBs 

with the modified HILLE machine with temperature controller. The combination grid 

pattern was laser-printed on the Ti-TWBs to test the change of strains during the 

deformation. 30 sets of specimens (25mm, 90mm and 110mm in widths) were used to 

determine the FLD of the Ti-TWBs at elevated temperatures. However, due to the poor 

formability and higher spring-back effect at relatively low temperatures (below 450°C), the 

FLDs of Ti-TWBs at RT and 300°C could not be issued. The explanation can be found in 

Section 6.1. In this section, the FLD of the Ti-TWBs at 550°C has been plotted. All 

deformed grids were according to different types: safe, marginal, neck and failure. Figure 

6.40 shows the FLD of Ti-TWBs at forming temperature of 550°C.  
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Figure 6.40 FLD of Ti-TWBs (0.7mm/1.0mm) at temperature is around 550°C 

  

In order to simplify the forming limit of the Ti-TWBs, the regions of the necking and 

safe were fitted as indicated in the Figure 6.40. The experimental curve (purple in color) 

was compared with other researchers’ findings which have been computed by 

mathematical models [57] and predicted by the uniaxial tensile test results [58]. The result 

reveals that the formability of the Ti-TWBs at 550°C could be obtained after the tooling 

modification and improvement.  
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6.7 The Formability Analysis of Titanium Tailor-welded Blanks under Multi-stage 

Forming Process 

6.7.1 Forming Limit Diagrams 

Selected Ti-TWBs with different thickness combinations were pre-strained by the 

specially designed fixture, and then formed by the modified HILLE machine. Before the 

Swift forming, after the forming test, grids onto the Ti-TWBs specimen were measured to 

assure around 10% elongation at the perpendicular axis. After testing, the new and smooth 

FLDs of Ti-TWBs at 550°C were plotted and compared with the traditional FLDs, as 

shown in Figure 6.43. 
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Figure 6.41 The comparisons of the FLDs for Ti-TWBs at 550°C under single-stage 

and multi-stage forming process 
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In Figure 6.41, the dotted line shows the starting point of the forming test after the 

prestraining stage. The PS-FLD shifted a little bit to the left but downward with increasing 

prestrain. This is an interesting observation that differs from other research findings. 

According to previous studies [35, 60], the FLDs should be shifted upward and to the left, 

approximately along a line of constant thinning. This phenomenon can be explained by a 

strain hardening effect that occurred during the process. The Ti-TWBs were stressed 

beyond the yield strength during the prestraining process. Then, the specimen had a high 

yield strength but low ductility under the multi-stage forming process.  

 
 
6.7.2 Limit Dome Heights  
 

The LDH values of Ti-6Al-4V at elevated temperatures were measured to assess their 

formability. Some of the formed Ti-alloy specimens are shown in Figure 6.43. Specimens 

were selected and formed at three different temperatures, i.e. RT, 300°C, and 550°C. The 

LDH data are compared and summarized in Table 6.3 and Figure 6.42. It can be observed 

that the formability of Ti-6Al-4V reveals linear increase with increasing temperature (from 

RT to 550°C). A sharp increase of LDH values is observed during the temperature rises 

from 300°C to 550°C. The formability of Ti-6Al-4V can be enhanced at higher forming 

temperatures. In addition, the difference in the formability under single-stage and 

multi-stage forming can be observed to be nearly identical, within 5% deviation, lower 
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than those of only single-stage forming. In other words, the multi-stage forming process 

can lead to reduced formability.  

 

Table 6.3 The LDH mean values of Ti-TWBs at elevated temperatures under single-stage 

and multi-stage forming processes 
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Figure 6.42 Measured LDH values of Ti-TWBs after the Swift forming test at elevated 

temperatures 

Widths of 
Specimen 

25mm 90mm 110mm 

Type 
Temperature 

Single- 
stage 

Multi- 
stage 

Single- 
stage 

Multi- 
stage 

Single- 
stage 

Multi- 
stage 

RT (25°C) 8.96mm 8.76mm 9.00mm 8.90mm 12.00mm 11.00mm 
300°C 9.60mm 9.21mm 9.80mm 9.51mm 12.55mm 12.20mm 
550°C 9.80mm 9.31mm 11.00mm 10.45mm 15.00mm 14.20mm 
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Figure 6.43 The Ti-6Al-4V (110mm width) after the Swift forming process at 550°C 

 

6.8 Failure Prediction of Thermal Forming Titanium Tailor-welded Blanks under 

Multi-stage Forming Process with Experimental Validation 

Beside experiments, the optimum forming condition can be obtained by finite element 

analysis. In order to check the accuracy of the simulation, the results were compared and 

validated experimentally. After numerous simulations, the limit dome height (LDH), 

failure locations and strain distributions of the Ti-TWBs at 550°C were computed. 

The simulation results indicate that the thickness at the radius corner became thinner 

during the deformation where the initial crack region occurred. The location change of 

Z-axis (height) was recorded by the model. Such results were compared with the 

experimental results and are summarized in Figure 6.44. It can see from the figure that 

there were some discrepancies in LDH values between the simulative and experimental 

results. In fact, the overall trend of the LDH values decreased from 25mm to 110mm. At 

the width of 25mm, the experimental result shows 10% more than the simulated results. On 

the other hand, the numerical value at the width of 110mm is 10% more than the 

Single-stage 
 

Multi-stage 
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experimental result. This may be attributed to the isothermal forming conditions assumed 

in the simulation. However, heat loss to the surroundings from the tooling and the 

specimen is expected during the actual forming process.  
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Figure 6.44 The comparison of LDH value between the experimental and numerical results 

(At 550°C) 

 

Failure location is another criterion used to determine the forming limit of Ti-TWBs at 

elevated temperatures. During the simulation, the PAM-STAMP did not specifically show 

failure locations after deformation but the forming limit diagram (FLD), change of 

thickness and stress could be used to identify the failure locations of the Ti-TWBs stamped 

at 550°C.  
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According to the simulation results, the initial failure of the Ti-TWBs at the forming 

temperature 550°C occurred at the radial corner location near the punch known as 

punch-nose area, shown in Figure 6.45. The rupture occurred because the stress was 

concentrated at the corner position. Meanwhile, the same results were obtained 

experimentally. The experimental results reveal that failures occurred at the base metal 

remote from the weldline. The stress was concentrated at both sides of the cylindrical 

punch rather than the top of it during the forming process as shown in Figures 6.46 to 6.47.  

 

 

Figure 6.45 The stress distribution of 25mm Ti-TWBs at forming condition at 550°C 
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Figure 6.46 The change of thickness for Ti-TWBs (25mm width) at 550°C 

 

 

 

Figure 6.47 The FLD of stress distribution of 25mm width Ti-TWBs at 550°C 
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However, the simulation and experimental results of the specimen in 110mm width 

are different from the others – the failure was initiated at the weldline which had low 

ductility. This was caused by the stretching direction being parallel to the weldline [59]. In 

fact, the weldline section had poor formability. During the deformation, high stress 

developed at the weldline, leading to eventual failure. Figures 6.48 and 6.49 shows the 

stress distributions and the failure positions of Ti-TWBs under the forming condition of 

550°C. It is worth noted that no failure occurs at the weldline section in any of the 

simulation results. This reflects that the “weaker” section is not the weldline but the base 

metal which thinner side.  

 

Figure 6.48 Stress distribution of Ti-TWBs in 110mm width  

(LHS:1.0mm; RHS:0.7mm) 
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Figure 6.49 The stress distributions with FLC of Ti-TWB (110mm) 

 

According to the above results, the discrepancy was around 10% for all single stage 

forming processes under the working temperature of around 550°C. However, the 

PAMSTAMP could no longer be used for the multi-stage forming simulation due to the 

limitations of its build-in material model and process control. The theoretical model which 

was employed is yield criterion developed by Hill [74, 85] and commonly used in the 

material of standard steel, special steel and aluminum under ambient temperature. It is the 

simplest, but the calculated limit strains of the FLD were underestimated and could not be 

applied on the materials which working at relatively high temperature, over 300°C. 

Besides, it could not provide an environment for pre-straining and experimental material 

properties; the computed model of first-stage forming (pre-straining) could not imported 

into the new project for the second-stage forming process (multi-stage forming). Moreover, 

FLC 

Failure 
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damage criteria were not considered in the aforementioned results. Therefore, another 

finite element software package, ABAQUS, was used to evaluate the thermal forming 

performance of the Ti-BM and Ti-TWBs under the multi-stage forming process. With the 

aid of the true stress-strain relationship, and measured damage criteria described in the 

previous section, the accurate stress and strain variations and distribution of the Ti-TWBS, 

including the consideration of the weldline region could be obtained. 

The damage criteria, which were measured and calculated in accordance with damage 

mechanics theory in Chapters 3 and 5, were employed to predict the thermal forming limit 

strains and failure locations of the Ti-TWBs. All measured stress-strain data for the 

weldline, base metal, the computed damage variables, were extended and able to predict 

the localized necking of the Ti-TWBs, taking the weldline effect into fully account into. 

The measured results shown in Figures 6.50-6.55 and were imported to the simulation for 

further failure analysis. In order to verify the accuracy of the simulation results, these 

results were compared with the experimental data in terms of strain distribution, LDH and 

failure location. Similar to the previous section, the formability and failure behaviours of 

the Ti-TWBs under 550°C were characterized in terms of LDH value, strain distribution 

and failure location. 
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Figure 6.50 Measured effective Young’s Modulus of Ti-6Al-4V at 550°C 
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Figure 6.51 Measured effective Poisson Ratio of Ti-6Al-4V at 550°C 
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Figure 6.52 Evolution of damage component μ with true stress of Ti-6Al-4V at 550°C 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Da
m

ag
e 

Co
m

po
ne

nt
 µ

True Strain

 

Figure 6.53 Evolution of damage component μ with true strain of Ti-6Al-4V at 550°C 
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Figure 6.54 The relationship between damage evolution coefficient and true strain of 

Ti-6Al-4V at 550°C 
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Figure 6.55 The relationship between the strain hardening threshold and overall plastic 

strain of Ti-6Al-4V at 550°C 
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6.8.1 Pre-straining of Titanium Tailor-Welded Blanks 

The specimen model was prestrained under a uniaxial direction of around 10% in order 

to simulate the first-stage deformation. According to the results by ABAQUS, the 

thickness of the Ti-TWBs was slightly reduced simultaneously, decreasing around 2.5 – 

2.7 % and 6.5 – 6.8% from the 0.7mm (blue color) and 1.0mm (red color) respectively; the 

forces applied for different widths of specimens are shown in Figures 6.56-6.58. Due to the 

force being applied in a linear direction, the variants of deformation could not be observed 

obviously. In this case, the overall length of the specimen was increased slightly due to the 

occurrence of elastic deformation. In Figure 6.46, however, it can be seen that the overall 

strain increment was less than 10% after prestraining. This can be explained by the 

influence of the Bauschinger effect, which leads the springback of material [86-87]. Also, 

due to the dislocation of the structure after the first-stage forming, the strain hardening was 

found and affected the overall formability of the Ti-TWBs under the second-stage forming 

process. Compared with the LDH values between the single-stage and multi-stage forming, 

the derivation was around 5%. In other words, the multi-stage forming process can lead to 

reduced formability.  
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Pre-straining (Stage 0) After pre-straining (Stage 10) 

  

  

  

Figure 6.56 The thickness distribution during the pre-straining process (first-stage forming) 
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Pre-straining (Stage 0)  After pre-straining (Stage 10) 

  

  

 
 

Figure 6.57 The strain distribution during the pre-straining process (first-stage forming) 
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Pre-straining (Stage 0) After pre-straining (Stage 10) 

  

 
 

  

Figure 6.58 The stress distribution during the pre-straining process (first-stage forming) 
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6.8.2 Multi-stage forming of Titanium Tailor-Welded Blanks  

Similar to the single-stage forming process, the pre-strained specimen model was 

placed at the tooling model for further failure analysis and are shown in Figures 6.59-6.61. 

According to the simulation results by ABAQUS, the thickness seemed no further change 

after the multi-stage forming. On the other hand, the appearance of failure usually 

concentrates at the region which is weaker, i.e. the thinner side of the TWBs, similar to the 

results for single-stage forming. Also, the results reveal that the LDH values under the 

multi-stage forming process are relatively lower than by single-stage one. Actually, all 

undesirable residual stress was removed before carrying out the single-stage forming 

process, and the material was recrystallized after the treatment and led to the improvement 

in LDH values. However, the residual stress was re-accumulated while the drawing force 

applied biaxially on the specimen during the second-stage forming process. 

It is worth noting that the high quality weldline could reduce significantly the impact 

of the stress concentration and eventual failure at the base metal. In the real case, the 

occurrence of failure locations was based on the quality of weldline. The experimental and 

theoretical comparisons of the LDH are listed in Table 6.4 and favorable agreement was 

found within the simulation and experimental results. The discrepancy was 5% compared 

with tested one. The experimental validation of the Ti-TWBs under the multi-stage 

forming is shown in Figure 6.64. 
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Second-stage forming (Stage = 0) After second-stage forming (Completion) 

 
 

  

 
 

Figure 6.59 Change of strain distributions of Ti-TWBs under multi-stage forming process 
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Second-stage forming (Stage = 0) After second-stage forming (Completion) 

  

 
 

  

Figure 6.60 Change of stress distributions of Ti-TWBs under multi-stage forming process 
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Second-stage forming (Stage = 0) After second-stage forming (Completion) 

 

 

 
 

  

Figure 6.61 Change of thicknesses of Ti-TWBs under multi-stage forming process 
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Widths 

LDH values 

Simulation results (mm) 

LDH values 

Experimental Results (mm) 

25 13.43 14.05 

90 11.15 12.00 

110 10.99 11.50 

Table 6.4 The comparison of the limit dome height between the simulation results 

(ABAQUS) and experiment 

Several factors may contribute to discrepancies such as those observed between the 

simulation and test results. In the first, the slightly blank, slippery and material flow-in 

caused by an insufficient clamping force and the high-strength of the material, i.e. 

Ti-6Al-4V, was observed after forming and was unavoidable due to the limitation of the 

forming tester. Similar results was found in both simulation and experiment which is 

shown in Figures 6.62-6.63. The higher measured values of the dome height and failure 

location were measured experimentally due to the material flow-in. Second, the coefficient 

of friction between the blank and the tooling took effect on the height at failure. 

Furthermore, the mean values of the measured results were presented. The variation of the 

tested values was within ±1.2mm. The material plasticity model and forming limits of 

Ti-TWBs at different conditions were examined experimentally and implemented in the 

failure model using damage mechanics. A good agreement has been found between the 
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predicted and experimental results in the selected cases of Ti-TWB specimen in widths of 

25mm, 90mm and 110mm and the comparisons between experimental and numerical 

results refers to Figure 6.64. It was concluded that the proposed damage mechanics model 

can be used to predict the formability limits of Ti-TWBs under elevated temperatures with 

suitable constraints and boundary conditions. 

 

Figure 6.62 The simulation result of Ti-TWB in width of 90mm which deformed by 

insufficient blanking force 

 

 

Figure 6.63 The experimental results of Ti-TWB in width of 90mm which deformed 

by insufficient blanking force 
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Figure 6.64 The verification between the simulation and experimental results after the 

multi-stage forming process at 550°C 
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CHAPTER 7  CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

A failure analysis of titanium tailor-welded blanks under multi-stage forming 

process had been presented successfully. A new damage-based failure prediction model 

for temperature dependent multi-stage forming operation of Ti-TWBs had been 

developed and attempted through a qualitative and quantities analysis. The following 

conclusions are drawn, 

1. The optimum welding parameters for different thickness combinations of titanium 

alloy plate (Ti-6Al-4V) had been obtained with tailor-welded fixture and specific 

shielding tube which was designed to prevent oxidation during the welding process. 

All welded specimens were examined according to the international standard and 

observed good metallurgical bonding which free of porosity and microcracks. The 

optimal welding parameters for thickness combination ranging from 0.7mm to 

1.0mm were listed as follows: 

Power : 700W – 750W 

Traveling speed : 25 – 30mm/s 

Laser mode : Pulse 

Shielding gas : Argon  

Flow rate : 22 l /min 
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2. The tailor-made tooling system with heating device had been designed and 

fabricated for single-stage and multi-stage forming process. The whole configuration 

of the testing system of the HILLE machine have been re-designed and modified 

with built-in heaters which was able to work from RT to 550°C. With the 

re-constructed tooling system and the additional heating device, the formability 

investigations for all the specimens under almost isothermal conditions have since 

been carried out. The poor plasticity of Ti-TWBs at temperature below 500°C, but at 

the temperature around 550°C, the ductility was improved with low stress, two fold 

increase than at room temperature. Also, slow strain rate (i.e. below 1x10-2/s) was 

suitable for forming Ti-TWBs.Ti-TWBs can form under nearly isothermal condition. 

The optimal forming condition for Ti-TWBs, 

Tooling temperature : ~550°C 

Punch speed : 1mm/s (strain rate is 6x10-4/s) 

The blank holding force : 6.5kN 

3. A specific fixture together with a heating device was developed to simulate the 

multi-stage forming process, particularly the specimen under simple tension and 

plane strain tension. The heating device was controlled and monitored by a 

tailor-made temperature sensing device. The temperature derivation applied on all 

formed specimens was narrowed and controlled within the range ±10°C. All 
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Ti-TWBs specimens were deformed under uniaxial stretching around 10% at 

abscissa level (major strain) by a tensile test machine. The pre-strained Ti-TWBs 

were then deformed by the modified HILLE forming machine with built-in heaters 

and a specially designed temperature controller. FLDs were compared under 

different forming conditions and temperatures. It can be concluded that the 

formability of Ti-TWBs was dependent on the temperature and change of strain-path. 

The failure of Ti-TWBs occurs at the thinner/weaker base metal once the quality 

weld was attained whether under single-stage or multi-stage forming process. The 

deterioration of the plasticity of Ti-TWBs was shown after the multi-stage forming 

process. The FLD of Ti-TWBs was shift downward of after the pre-straining process. 

This phenomenon can be explained by the strain hardening effect. On the other hand, 

the optimal stress relieving temperatures for Ti-TWBs was from 550°C to 600°C. 

This process can be omitted while the forming condition was working at 550°C. 

4. In order to determine the thermo-mechanical properties of Ti-TWBs at different 

sections, i.e. weldline, HAZ and base metal, certain intrinsic tests were then 

conducted. As far as we know, some predominant values of forming operation can 

be obtained from the uniaxial tensile test at elevated temperatures. In order to 

determine the thermo-mechanical properties (i.e. stress-strain curves, effective 

Young’s modulus and effective Poisson’s ratio) of Ti-TWBs in different divisions, 
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such as weldline, HAZ and base metal, certain experiments at elevated temperatures 

were also conducted. An INSTRON universal testing machine, equipped with the 

heating chamber in which temperature variation within an ambient temperature to 

1000°C, was applied. The result of the strain localization of Ti-TWBs and failure 

location during deformation could be revealed and confirmed. Certain macroscopic 

examinations of Ti-TWBs were carried out accordingly. The microcracks of 

different sections of the Ti-TWBs under single-stage and multi-stage processes at 

elevated temperatures were observed using microscopic examination. The initial 

state, formation and propagation of microcracks were investigated to track the 

damage evolution condition. In our findings, the crack usually initiated at the section 

with relatively low tensile strength, i.e. base metal rather than that of HAZ and 

weldline. This was because the shielding protection was employed in order to 

eliminate the formation of porosity during the welding process. In general, the creep 

damage occured during the deformation at elevated temperatures. Some mixtures of 

fine and coarse dimples were found at the shear lip. Further examinations had been 

carried out to characterize the relationship between the microstructure of Ti-TWBs 

and the resulting textures and surface roughness during thermal forming. 

5. The finite element analysis package is the reliable and economic method to predict 

the failure of the forming process of Ti-TWBs at elevated temperatures. A 
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damage-based failure prediction model for multi-stage forming operation of 

Ti-TWBs had been employed. The model was based on isotropic damage mechanics 

with temperature dependent effect. In this study, a general purpose software package 

i.e. ABAQUS was used for simulation. In order to develop the model at elevated 

temperatures, the thermal-dependent damage parameters and mechanical properties 

of tested materials (i.e. stress-strain curves, effective Young’s modulus, effective 

Poisson’s ratio and damage variables) were employed to simulate the deformation 

behaviour of the captioned materials during the thermal single-stage forming and 

multi-stage forming process. The predicted FLD results are going to compare with 

the measured forming limit diagrams (FLDs). The predicted results were found quite 

satisfactory and agreed with the experimental data. 
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7.2 Future Works 

Due to the shift of market trends and increasing awareness of the need to be 

environmentally friendly, the most important task facing manufacturers was to reduce 

the part weight significantly without impinging on its function. Use of the light-weight 

alloys is becoming important in the material selection stage. The applications of 

light-weight alloys, such as aluminum alloy and magnesium alloy, not only titanium 

alloy, are not used widespread recently. Therefore, to develop a systematic experimental 

approach for thermal forming of light-weight alloys and its tailor-welded blanks is a 

must in the future.  

On the other hand, as mentioned, the suggested optimum forming temperature of 

titanium alloy and its TWB was around 550°C. The temperature of the Ti-TWBs 

specimen and tooling device should be deprived to surrounding during the operation 

and led a discrepancy in the results of simulation and experiment. To overcome this 

issue, an isothermal forming working condition was proposed to be developed by using 

bulge forming machine. The working temperature of the bulge machine can be 

monitored and controlled by programmable logic controller (PLC) and temperature 

sensors in order that maintain the stable working temperature. In addition, it can provide 

an oxygen-free condition; an inert gas will be used during the deformation process to 

minimize the oxidation. The measurement error may occur if such titanium oxide forms 
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along the laser-engraved grid pattern. 

Unlike other sheet metal forming process, no facilities can be used to monitor and 

record the grid deformation at elevated temperatures due to the heating source may 

affect the accuracy of the reading as well obscure the image quality. Therefore, a 

in-process monitoring system was suggest being developed to trace the grid deformation 

during the thermal forming operation. The deformation of selected grids can be captured 

during the process and the user can study its deformation behaviors for future analyses. 

Actually, this failure model was not applied to in-service condition but used to 

predict the forming behaviours of sheet metals under different forming condition and 

designated shape before the mass production. The engineer and/or designer could apply 

this model to other materials and product shape for further analysis, especially for 

thermal forming. Last but not the least, the theoretical model based on damage 

mechanics could be further extended to predict the thermal forming of all types of 

light-weight alloys in both sheet metals and tubular blanks or any specific shape of 

components.  

 



174 
 

 REFERENCES 

[1] Chan S. M., Chan L. C. and Lee T. C., (2003), Tailor-welded blanks of different 

thickness ratios effects on forming limit diagram, Journal of Materials 

Processing Technology, Vol. 132, pages 95 – 101 

[2] Waddell W. and Davies G. M., (1995), Laser welded tailored blanks in the 

automotive industry, Welding and Metal Fabrication, Vol. 63, No. 3, pages 104 – 

108 

[3] Milian J. L. and Adonyi Y., (1992), Formability of tailored blanks for 

automotive applications, Mechanical Working and Steel Processing Conference 

Proceedings, Vol. 30, pages 83 – 91 

[4] Selige A. and Prange W., (1990), Laser-welded steel sheet - A new design 

material, Stahl und Eisen, September, pages 152 – 153 

[5] Smith L. S., Gittos M. F. and Threadgill P. L., (1999), Welding titanium: a 

designers and users handbook, Titanium Information Group 

[6] Pallett R. J. and Lark R. J., (2001), The use of tailored blanks in the manufacture 

of construction components, Journal of Materials Processing Technology, Vol. 

117, No. 1-2, pages 249 – 254 

[7] Lutjering G. and Williams James. C., (2003), Titanium, Springer  

[8] Forming and Forging, ASM Handbook, Vol. 14B 



175 
 

[9] Lai C. P., Chan L. C. and Chow C. L., (2007), Effects of Tooling Temperatures 

on Formability of Titanium TWBs at Elevated Temperatures, Journal of 

Materials Processing Technology, Vol. 191, pages 157 – 160 

[10] Chan S. M., Chan L. C. and Lee T. C., (2003),  Tailor-welded blanks of 

different thickness ratios effects on forming limit diagram, Journal of Materials 

Processing Technology pages 95 – 101 

[11] Waddell W., Davies G.M., (1995),  Laser welded tailored blanks in the 

automotive industry, Welding and Metal Fabrication, Vol. 63, n3, pages 104 – 

108 

[12] Pallett R. J. and Lark R. J., (2001), The use of tailored blanks in the manufacture 

of construction components, Journal of Materials Processing Technology, Vol. 

117, n 1-2, pages 249 –254 

[13] Friedman P. A. and Kridli G. T., (2000), Microstructual and Mechanical 

Investigation of Aluminum Tailor-Welded Blanks, Journal of Materials 

Engineering and Performance, Vol. 9, n5, pages 541–551 

[14] Geiger M., Hoffmann P. and Hutfless J., (1993), Laser technology in synergy 

with forming technology, Blech Rohre Profile, Vol. 40, n4, pages 324 – 330 



176 
 

[15] Choi B. H. and Choi B. K., (2008), The Effect of Welding Conditions according 

to Mechanical Properties of pure Titanium, Journal of Materials Processing 

Technology, Vol. 201, n 1-3, pages 526 – 530 

[16] Feige N. G. and Mitchell D. R., (1967), Welding of Alpha-Beta Titanium Alloys 

in One Inch Plate, Welding Journal, Vol. 46, pages 193 – 202 

[17] Yunlian Q., Ju D., Quan H. and Liying Z., (2000), Electron beam welding. 

Material Science and Engineering A, Vol. 280, pages 177 – 181 

[18] Liu Q. S., Mahdavian S. M., Aswin D. and Ding S. (2009), Experimental study 

of temperature and clamping force during Nd:YAG Laser butt welding, Optics & 

Laser Technology, Vol. 41, m6, pages 794 – 799 

[19] Akman E., Demir A., Canel T., Sınmazçelik T. (2009), Laser welding of 

Ti6Al4V titanium alloys, Journal of Materials Processing Technology, Vol. 209, 

n8, pages 3705 –3713 

[20] http://www.Key-to-Metals.com 

[21] Li Z., Gobbi S. L., Norris I., Zolotovsky S. and Richter K. H., (1997), Laser 

welding techniques for titanium alloy sheet, Journal of Materials Processing 

Technology, Vol. 65, pages 203 – 208 

[22] Donachie M. J., (2000), Titanium – A Technical Guide, ASM International 



177 
 

[23] Hideki Fujii, Kazuhiro Takahashi and Yoshito Yamashita, (2003), Application of 

Titanium and Its alloy for Automobile Parts, Nippon Steel Technical Report, No. 

88, pages 70 –75 

[24] Cheng C. H., Chan L. C., Lai C. P. and Chow C. L., (2006), Formability of 

Ti-TWBs at elevated temperatures, SAE Transactions – Journal of Materials and 

Manufacturing, pages 327 – 335 

[25] http://www.maweb.com 

[26] Smith L. S., Gittos M. F. and Threadgill P. L., (1999), Welding titanium: a 

designers and users handbook, Titanium Information Group  

[27] Hideki Fujii, Kazuhiro Takahashi and Yoshito Yamashita, (2003), Application of 

Titanium and Its alloy for Automobile Parts, Nippon Steel Technical Report, No. 

88, pages 70 –75 

[28] Li Z. and Gobbi S. L., (1997), Laser welding for light weight structures, Journal 

of Materials Processing Technology, Vol. 70, pages 137 – 144 

[29] Casalino G., F. Curcio, F. Memola Capece Minutolo, (2005), Investigation on 

Ti6Al4V laser welding using statistical and Taguchi approaches, Journal of 

Materials Processing Technology, Vol. 167, pages 422 – 428 

[30] Minh H. van, Sowerby R. and Duncan J.L., (1974), Variability of forming limit 

curves, International Journal of Mechanical Sciences, Vol. 16, n1, pages 31–44 



178 
 

[31] Jansson T. and Nilsson L., (2006),  Optimizing sheet metal forming 

processes—Using a design hierarchy and response surface methodology, 

Journal of Materials Processing Technology, Vol. 178, pages 218–233 

[32] Ko Dae-Cheol, Kim Dong-Hwan and Kim Byung-Min, (1999), Application of 

artificial neural network and Taguchi method to preform design in metal 

forming considering workability, International Journal of Machine Tools and 

Manufacture, Vol. 39, n5, pages 771–785 

[33] Jiang H. M., Li S. H., Wu H. and Chen X. P., (2004), Numerical simulation and 

experimental verification in the use of tailor-welded blanks in the multi-stage 

stamping process, Journal of Materials Processing Technology, Vol. 151, n1–3, 

pages 316 – 320 

[34] Alberti N. and Fratini L., (2004),  Innovative sheet metal forming processes: 

numerical simulations and experimental tests , Journal of Materials Processing 

Technology, Vol. 150, n1–2, pages 2–9 

[35] Huh H., Han S. S., Lee J. S. and Hong S. S., (2005),  Experimental verification 

of superplastic sheet-metal forming analysis by the finite-element method, 

Journal of Materials Processing Technology, Vol. 49, n3–4, pages 355–369 

[36] Yoshihara S., MacDonald B.J., Nishimura H., Yamamoto H. and Manabe K., 

(2004),  Optimization of magnesium alloy stamping with local heating and 



179 
 

cooling using the finite element method , Journal of Materials Processing 

Technology, Vol. 153–154, pages 319–322 

[37] Choudhury I. A., Lai O. H. and Wong L. T., (2006), PAM-STAMP in the 

simulation of stamping process of an automotive component, Journal of 

Simulation Modeling Practice and Theory, Vol. 14, pages 71 – 81 

[38] Meinders T., Berg A. van den and Huetink J., (2000), Deep drawing simulations 

of Tailored Blanks and experimental verification, Journal of Materials 

Processing Technology, Vol. 103,pages 65–73 

[39] Geiger M., Hoffmann P. and Hutfless J. , (1993), Laser technology in synergy 

with forming technology, Blech Rohre Profile, Vol. 40, n4 pages 324 – 330 

[40] Ahmetoglu M. A., Brouwers D., Taupin L. S. A., Kinzel G. L. and Altan T., 

(1995),  Deep Drawing of round cups from tailor-welded blanks, Journal of 

Materials Processing Technology, Vol. 53, pages 684 – 694. 

[41] Lee J. H. and Chun B. S., (2003),  Investigation on the variation of deep 

drawability of STS304 using FEM simulations, Journal of Materials Processing 

Technology, Vol. 159,pages 389 – 396 

[42] Mori K., Abe Y. and Ebihara O., (2003),  Prevention of shock lines in 

multi-stage sheet metal forming , International Journal of Machine Tools and 

Manufacture, Vol. 43, n12, pages 1279–1285 



180 
 

[43] Min D. K., Jeon B. H., Kim H. J. and Kim N., (1995),  A study on process 

improvements of multi-stage deep-drawing by the finite-element method, Journal 

of Materials Processing Technology, Vol. 54, n1– 4 pages 230– 238 

[44] Ward M. J., Miller B. C. and Davey K., (1998),  Simulation of a multi-stage 

railway wheel and tyre forming process , Journal of Materials Processing 

Technology, Vols. 80–81, pages 206–212 

[45] Graf A. and Hosford W., (1993),  Effect of Changing Strain Paths on Forming 

Limit Diagrams of Al 2008-T4, Metallurgical Transactions A, Vol. 24A, pages 

2503 – 2512 

[46] Muschenborn W. and Sonne H. M., (1975),  Arch. Eisenbuttenwes, Vol. 46, 

pages 597 – 602 

[47] Laukonis J. V. and Ghosh A. K., (1975), Metallurgical Transactions A, Vol. 9A, 

pages 1849 – 1856 

[48] Ranta-Escola A. J., (1980), Material Technology, pages 45 – 49 

[49] Schmitt J.H., Raphael J., Rauch E., and Martin P., (1987),  Computational 

Methods for Predicting Material Processing Defects, Elsevier, New York, pages 

309–18 

[50] Shang H. M., Tan G. S., Tan W. C. M., (1985),  Journal of Engineering 

Materials Technology, Vol. 107, pages 298 – 306 



181 
 

[51] Zandrahimi M., Platias S., Price D., Barrett D., Bate P. S., Roberts W. T. and 

Wilson D. V., (1989),  Metallurgical Transaction A, Vol. 20A, pages 2471 – 

2482 

[52] Graf A. and Hosford W., (1994),  The Influence of Strain-path Changes on 

Forming Limit Diagrams of Al 6111 T4, International Journal of Mechanical 

Science, Vol. 36, n10, pages 897 – 910 

[53] Marciniak Z., Duncan J.L. and Hu S.J., (1992) Mechanics of Sheet Metal 

Forming, Butterworth Heinemann  

[54] Leung Y. C., Chan L. C., Tang C. Y. and Lee T. C., (2004), An Effective Process 

of Strain Measurement for Severe and Localized Plastic Deformation, 

International Journal of Machine Tools & Manufacture, Vol. 44, pages 669 – 

676 

[55] Dally J. W., (1991) Experimental Stress Analysis, McGraw-Hill, New York  

[56] Lee W. B. and Wen X. Y., (2000),  A Dislocation-model of limit strain 

prediction in Aluminum Sheet Metals under Biaxial Deformation, International 

Journal of Damage Mechanics, Vol. 9, pages 286 – 301 

[57] Chan L. C., Cheng C. H., Jie M. and Chow C. L., (2005), Damage-based 

Formability Analysis for TWBs, International Journal of Damage Mechanics, 

Vol. 14, pages 83 – 96 



182 
 

[58] (2002), Standard test method for determining forming limit curves, ASTM 

Standard, E2218  

[59] Dally J. W., (1991), Experimental Stress Analysis, McGraw-Hill, New York,  

[60] Chan L. C., Cheng C. H., Jie M. and Chow C. L., (2005), Damage-based 

Formability Analysis for TWBs, International Journal of Damage Mechanics, 

Vol. 14, pages 83 – 96 

[61] Wang C. C., Lee J., Chen L. W. and Lai H. Y., (2002), A New Method for 

Circular Grid Analysis in the Sheet Metal Forming Test, Experimental 

Mechanics, Vol. 40, pages 190 – 196 

[62] Marciniak Z. and Kuczynski K., (1967),  Marciniak-Kuczynski localization 

approach, International Journal of Mechanical Science, Vol. 9 pages 609 

[63] Lai C. P., Chan L. C. and Chow C. L., Warm forming simulation of titanium 

tailor-welded blanks with experimental verification, Materials Processing and 

Design – Proceeding of the 9th International Conference on Numerical Methods 

in Industrial Forming Processes, Porto, Portugal, pages 1621 – 1626 

[64] Ponthot J. P. and Kleinermann J. P., (2006), A cascade optimization 

methodology for automatic parameter identification and shape/process 

optimization in metal forming simulation, Computer Methods in applied 

mechanics and engineering, Vol. 195, n41 – 43, pages 5472 - 5508 



183 
 

[65] Marciniak Z. and Kuczynski K., (1967),  Marciniak-Kuczynski localization 

approach, International Journal of Mechanical Science, Vol. 9, pages 609 

[66] Chow C. L., Yu L. G. and Demeri M. Y., (1997), A Unified Damage Approach 

for Predicting Forming Limit Diagram, ASME Journal of Engineering Materials 

and Technology, Vol. 119 pages 346–353 

[67] Chow C.L., Yu L. G., Tai W. H., and Demeri M. Y., (2001), Prediction of 

Forming Limit Diagrams for 6111-T4 Aluminum under Non-proportional 

Loading, International Journal of Mechanical Sciences, Vol. 43, , pages 

471–486. 

[68] Lemaitre J., (1986), Local approach of fracture, Engineering Fracture 

Mechanics, 25, pages 523 

[69] Kachanov L. M., (1958), On the time to failure during creep, Izv. AN SSSR, 

OTN, pages 26. 

[70] Lemaitre J. and Chaboche J. L., (1990), Mechanics of solid Materials, 

Cambridge University Press. 

[71] Cordebois J. P. and Sidoroff F., (1982), Anisotropic damage in elasticity and 

plasticity, Numero special, J. De Mecanique Theorique Et Appliquee, pages 45. 

[72] Chow C. L. and Wang J., (1987), An anisotropic theory for continuum damage 

mechanics for ductile fracture, Engineering Fracture Mechanics, 27, pages 547. 



184 
 

[73] Chow C. L. and Lu T. J., (1989), On evolution laws of anisotropic damage, 

Engineering Fracture Mechnics, 34, pages 679. 

[74] Hill R., (1950), The Mathematical Theory of Plasticity, The Clarendon Press 

[75] ASM Handbook, Forming and Forging, Vol. 14 

[76] Fernandes J., Menezes L. F., Rodrigues D. M., Chaparro B. M. and Vieira M. F., 

(2000),  Non-uniform deformation after Prestrain, Journal of Mechanics A - 

Solids, Vol. 19, pages 209 – 221 

[77] Marciniak Z., Duncan J.L. and Hu S.J., (1992), Mechanics of Sheet Metal 

Forming, Butterworth Heinemann  

[78] Armstrong R. and Hilton A., (2004),  The use of ANOVA in applied 

microbiology, Microbiologist, December, pages 18 – 21 

[79] Bandyopadhyay S., Gokhale H., Sarin Sundar J. K., Sundararajan G. and Joshi 

S. V., (2005),  A statistical approach to determine process parameter impact in 

Nd:YAG laser drilling of IN718 and Ti-6Al-4V sheets, Optics and Lasers in 

Engineering, Vol. 43, n2, pages 163–182 

[80] ESI Group, (2000), PAM-STAMP, Users Training Manual 

[81] Wikipedia, http://en.wikipedia.org 

[82] Standard Test Methods for tension testing of metallic materials, ASTM Standard 

E8 (2009) 

http://en.wikipedia.org/


185 
 

[83] Wood R. A. and Favor R. J., (1972) Titanium Alloy Handbook, Report 

MCIC-HB-02, Battelle Memorial Institute, Columbus  

[84] Morita T., Hatsuoka K., Iizuka T. and Kawasaki K., (2005),  Strenthening of 

Ti-6Al-4V Alloy by Short-time Duplex Heat Treatment, Materials Transactions, 

Vol. 46, no. 7, pages 1681 –1686 

[85] Hill R., (1948), A theory of the yielding and plastic flow of anisotropic materials, 

Proceedings of Royal society of London , Vol. A193, pages 281-297. 

[86] Alexandrow S. and Hwang Y. M., (2010),  Influence of Bauschinger effect on 

springback and residual stresses in plane strain pure bending, Acta Mechanica, 

Vol. 220, n1-4, pages 47–59 

[87] Chakrabarty J., Lee W. B., Chan K. C., (2001) An exact solution for the 

elastic/plastic bending of anisotropic sheet under conditions of plane strain, 

International Journal of Mechanical Sciences, Vol. 43, pages 1871–1880  

[88] Kobelco Steel, Titanium, (2007) 

[89] Hasija V., Ghosh S., Mills, M. J., and Joseph D. S., (2003) Deformation and 

creep modeling in polycrystalline T-6Al alloys, Acta Materialia, Vol. 51, n15, 

pages 4533-4549 

[90]  Lecomte J. S., Philippe M. J., and Klimanek P., (1997), Plastic deformation of 

a Ti-6% Al-4% V alloy with a strong transverse-type crystallographic α-texture 



186 
 

at elevated temperatures, Materials Science & Engineering, Vol. A234-236, 

pages 869-872 

[91] Balasubramanian, S. & Anand, L., (2002), Plasticity of Initially Textured 

Hexagonal Polycrystals at High Homologous Temperatures: Application to 

Titanium, Acta Materialia, Vol. 50, pages 133-148 

[92] Churchman, A.T. (1955), The Formation and Removal of Twins in Ti at Low 

and High Temperatures, Journal of the Institute of Metals, Vol. 83, pages 39-40 

[93] Wang. J. (1984), An Anisotropic Damage Criterion for Deformation Instability 

and its Application to Forming Limit Analysis of Sheet Metal, Thesis of M. Eng, 

Huazhong University of Science and Technology (Chinese) 

[94] Lemaitre J. (1978), Theorie mecanique de l’endommagement isotrope appliqué 

a la fatigue de metaux, Seminaire “Materiaux et Structures sous Chargement 

Cyclique”, Palaiseaus 

[95] Billur E. and Altan T. (2013), Warm forming of Al alloys in automotive industry, 

Stamping Journal, July/August, page 20 

[96] Toros S., Ozturk F. and Kacar I. (2007), Review of Warm Forming of 

Aluminium-Magnesium Alloys, Journal of Materials Processing Technology, Vol. 

207, n1-3, pages 1 – 12 


	Statement of originality_Final_202006_signed
	Thesis_Lai Chi Ping_wo_sign
	Cover and Title_PhD_Final_202006
	Statement of originality_Final_202006
	0_Abstract_PhD_Final_202005
	publication_list_PhD_Final_202006
	Acknowledgement_PhD_Final_202006
	Table of Content_PhD_Final_202006
	List of figures_PhD_Final_202006
	List of tables_PhD_Final_202006
	Nomenclature_PhD_Final_202006
	1_Introduction_PhD_Final_202005
	2_LR_PhD_Final_202006
	3_Theortical_Bkgd_PhD_Final_202006
	4_Research Methodology_PhD_Final_202005
	5_experimental details_PhD_Fin_202005
	6_Results_disc_PhD_Fin_202006
	7_Conc_PhD_Fin_202005
	References_Fin_202005
	References





