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Abstract 

Metal forming processes have been widely applied in many industries. With the 

severe competition in the market, a reliable and robust metal forming process becomes 

crucial for the manufacturer to reduce product development time and cost. For the 

purpose of supplying engineers with an effective tool for a reliable and robust design of 

metal forming process, this research investigates the application of traditional reliability 

theory and robust design methods in metal forming processes for the ultimate goal of 

increasing quality and reducing cost in manufacturing. 

A method to assess the probability of failure of the process based on traditional 

reliability theory and the forming limit diagram (FLD) is presented. The forming limit of 

a material is chosen as the failure criteria for analysis ofreliability. 

A study of prediction of forming limit diagrams using finite element simulation 

without pre-defined geometrical imperfection or material imperfection is presented. A 3D 

model of the dome test is used to predict the FLD for AA 5182-0. The FE predicted 

forming limit diagram is in good agreement with the experimental one. The uncertainty 

sources for the scatter of forming limits are categorized and investigated to see their 

effects on the shape ofFLD. 

A novel method of improving the reliability of a forming process using the 

Taguchi method at the design stage is presented. The thickness-thinning ratio is chosen as 

the failure criteria for the reliability analysis of the process. A Taguchi orthogonal array 

is constructed to evaluate the effects of design parameters on the thinning ratio. A series 
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of finite element simulations is conducted according to the established orthogonal array. 

Based on the simulation results, Taguchi SIN analysis and ANOV A analysis are applied 

to identify the optimal combination of design parameters for minimum thinning ratio, 

minimum variance of thinning ratio, and maximum expected process reliability. 

A multi-objective optimization approach is presented, which simultaneously 

maximizes the bulge ratio and minimizes the thinning ratio for a tube hydroforming 

process. Taguchi method and finite element simulations are used to eliminate the 

parameters insignificant to the process quality performance. The significant parameters 

are then optimized to achieve the multiple optimization objectives. The optimization 

problem is solved by using a goal attainment method. An illustrative case study shows 

the practicability of this approach and ease of use by product designers and process 

engmeers. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Metal forming processes such as drawing, extrusion, rolling, forging, sheet metal 

forming and hydroforming have been widely applied in diverse industries. In metal 

forming, as much as half of the design time is often consumed by prototype testing and 

subsequent modifications of the dies, especially when new materials and/or forming 

processes are used (Cao et al., 2003). With the increasing demand of high-quality 

products at a minimum cost, reliable and robust design of metal forming processes has 

become crucial to reduce design cycle times and time to market. 

Currently the most widely used method for the failure analysis of sheet metal 

forming is the well-known forming limit diagram (FLD). The forming limit diagram is a 

convenient tool for the evaluation of formability and for the determination of the process 

limitations in sheet metal forming. However, the FLD can only qualitatively show how 
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close a strain state is to failure. In order to quantify the failure probability of the metal 

forming process, the methodology developed for reliability analysis of structures can be 

used (Kleiber, 2002). The structure reliability analysis is a probabilistic engineering 

approach to estimate the probability of failure of a structure from the probability 

distributions of the contributing factors and modes of failure (Bullough et al., 1999). In 

metal forming, the forming limit can be applied as the failure criteria for the reliability 

analysis of the process. 

Presently there are a lot of theoretical, numerical and experimental methods to 

predict the forming limit diagram. All the methods always lead to a forming limit curve 

(FLC) which separates the safe zone and the necking or fracture zone. Actually what is 

really determined in the experiments are some discrete points corresponding to the 

different strain paths (Janssens et al., 2001), so it is more suitable to estimate the results 

by using the forming limit band than the forming limit curve. On the other hand, the 

accuracy of the experimental determination of a FLC is also a complex matter as it 

depends largely on the experimental procedure. Variation of material properties, friction 

conditions, process parameters and differences in strain path could substantially increase 

or decrease the level of the FLC. All the above information indicates that the forming 

limit curve should be treated as a forming limit band with some uncertainties (Kleiber, 

2002). Meanwhile the metal forming process has a number of parameters that may affect 

the quality of the process, such as material constants, geometric dimensions, process 

control parameters, friction coefficients, etc. Real values of these parameters are known 
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to have a certain scatter around their nominal values, so that the response or performance 

characteristics, resulting from the process, depend on these uncertain parameters. 

Historically, probability theory has been the primary tool for representing 

uncertainty in mathematical models. Because of this, all uncertainty was assumed to 

follow characteristics of random uncertainty. However, not all uncertainties are random 

or objective. Some uncertainties, especially those based on incomplete information are 

due to subjective sources (Sawyer and Rao, 1999). For instance, in predicting the forming 

limit diagram of a material, engineering experience and subjective decisions are involved 

in selecting the experimental method, tooling and specimen geometry, friction condition, 

method for interpretation of the experimental results. The forming limit strain in the FLD 

should thus be regarded somewhat as a subjective variable. 

The main goal of reliability analysis is to predict and minimize failures while the 

goal of robust design is to build quality into products and processes. Robust design 

methods, including the Taguchi method, pioneered by Taguchi (1976, 1977), are an 

optimization approach that uses a series of experiments (computer-based or physical) to 

find parameter settings for a design that yield predicted performance to be on target and 

to be as insensitive to variation in parameter levels as possible. The variation can come 

from the material properties, dimensional parameters and system or environmental 

parameters. Usually in metal forming, the forming parameters are determined by 

theoretical analysis or experience, requiring that a large number of experiments have to 

be performed to adjust the parameters for optimal or near-optimal forming performance, 

resulting in a time-consuming and costly procedure. The Taguchi method uses a set of 
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orthogonal arrays to determine parameters configuration and analyze the results. These 

kinds of arrays allow a smaller number of experiment runs but obtain maximum 

information and have high reproducibility and reliability (Yang, 1998). Taguchi 

parameter design can estimate the contribution of each parameter to the forming response 

and can optimize the forming process through setting of design parameters while 

reducing the sensitivity of the forming response to sources of variation. 

This research is expected to provide engineers with an effective tool for designing 

a reliable and robust metal forming process, which will be extremely beneficial in the 

reduction of development time and cost. 

1.2 Research Objectives 

The objective ofthis research is to investigate how to apply reliability theory and 

robust design methods in metal forming processes for the ultimate goal of increasing 

quality and reducing cost in manufacturing. There are a number of research topics for this 

objective. In this Ph.D. study, the focus will be on the following tasks: 

• Investigate how to combine reliability theory with the traditional failure 

criteria for evaluating the metal forming process; 

• Investigate how to predict the forming limit diagram using finite element 

simulation by considering both objective and subjective uncertainties; 

• Investigate how to evaluate the influence of the forming parameters on the 

metal forming process and optimize the process for robustness. 
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1.3 Thesis Outline 

The results of this research are reported in six chapters. Chapter 2 presents a 

review of the literatures relative to this research. A reliability analysis method for the 

metal forming process based on the forming limit diagram is introduced in Chapter 3. 

The results of this study have been published (Li et al., 2006). The study of prediction of 

forming limit diagram using finite element simulation is presented in Chapter 4. The part 

of the results of this study has been presented at an international conference (Li et al., 

2006). The uncertainty analysis of forming limit is also reported in this chapter. In 

Chapter 5, a method of improving the reliability of metal forming process by using the 

Taguchi method is reported. The paper based on this study has been published (Li et al., 

2007). A study of optimization of the forming parameters, in the metal forming process 

with the conflicting objectives, is reported in Chapter 6, the Taguchi method is employed 

to find the most significant parameters for the process. The goal attainment method is 

used for solving this multi-objective problem. A paper based on this study has been 

published (Li et al., 2006). Overall results of this research are discussed and summarized 

in Chapter 7, some conclusions are drawn and recommendations for future studies are 

made. In appendix, a study of evaluating the reliability of metal forming process by fuzzy 

sets theory, which has been presented at an international conference (Li et al., 2004), is 

reported. This part of research is an accomplishment of the author during the course of 

Ph.D. study even it is not directly contributing to the objectives of this thesis. 
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Chapter 2 

Literature Review 

Five areas of previous research bear the most direct relationship to this research. 

The literature on reliability theory describes the development of the reliability theory to 

evaluate the reliability of components and systems. The literature on reliability analysis 

of metal forming process summarizes some previous research works and discusses the 

new research opportunities in this area. The literature on forming limit diagram mainly 

focus on the conventional strain-based forming limit diagram. The prediction of F~D 

using experimental method and numerical method are reviewed. The literature on 

hydroforming using the experimental method and numerical method is reviewed. The 

literature on the Taguchi method introduces the brief history of this method and its 

applications in the manufacturing area. 

Each of these five areas will be discussed in depth in subsequent subsections. 

There is no attempt to discuss all the research in these disciplines, only that which is most 

directly connected to the main direction of this proposed research is mentioned. 
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2.1 Reliability Theory 

Failure and faults are unavoidable phenomenon in all products or systems and 

they can show up in multiple forms and in assorted circumstances. The theory of 

reliability can be considered as the study of failure occurrence in technical equipment. 

Reliability had a very important impulse after World War II by military researchers due 

to the significance it has in naval and aeronautical equipment, and in the structure and 

control of missiles (Collins, 1988). In the seventies, motivated by the special security 

conditions demanded at nuclear stations, increasing investigations of reliability have been 

made due to the technological advances and to the complexity of the system (A ven, 

1985). Now reliability has become a main aspect in many products and systems, and has 

been widely studied in many areas. 

One of the many definitions of the term 'reliability' throughout the literature is 

given by Pages & Gondran (1980). They consider that reliability is the "Capacity of a 

device to perform a function required within some conditions and during a given 

duration". Kaufman and his collaborators (1975) gave another definition of reliability, in 

more mathematical terms. They define reliability as "the probability of the fact that a 

system accomplishes with some given services, with the fixed utilization conditions and 

during a given time". 

The common reliability analysis methods include (Dupow & Blount, 1997): 

• FMEA (failure modes and effects analysis) 
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• FTA (fault tree analysis) 

• Computer simulation programs (i.e. Monte Carlo, SIMULINK) 

• SCA (sneak circuit analysis) 

• ESS (environmental stress screening) 

• RDGT (reliability development/growth testing) 

• Experimental test methods 

• State-Space Analysis (Markov analysis) 

• Stress-Strength Interference Analysis. 

Strength 

Load/Remtance 

Figure 2.1: Schematic view of stress-strength interference model 

For a mechanical or structural component, it is considered to be safe and reliable 

when the strength or resistance of the component exceeds the value of the stress acting on 

it. Figure 2.1 schematically shows the stress-strength interference model. Mathematically, 

the reliability of a component is given by 
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R = P(L - S > 0) = JfJL,s(l,s)dlds (2.1) 

where L is strength, the resistance effect variable, S is stress, the load effect variable, 

IL s(l,s) is the joint density function of Lands. 

There are three levels of formal reliability analysis of a structure (Bullough et al., 

1999). In the Level 1 formal reliability analysis method, the reliability is not calculated 

explicitly; instead a set of partial safety factors is applied to each basic variable. Typical 

examples of Level 2 formal reliability analysis methods are the First Order Reliability 

Method (FORM) and the Second Order Reliability Method (SORM); these methods in 

most cases provide only an approximation to the exact value of the reliability. In the 

Level 3 formal reliability analysis method, the reliability is calculated exactly. The 

calculation can either be carried out using multiple numerical integration or by Monte 

Carlo sampling techniques, but there are practical limitations to the number of basic 

random variables with multiple numerical integration and the Monte Carlo sample 

techniques only have high statistical accuracy if a large number of cases are simulated. 
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2.2 Forming Limit Diagram 

The forming limit diagram (FLD) has proven to be a useful tool in the formability 

analysis for sheet metal forming (Graf & Hosford, 1990). The limits of formability in 

sheet metal operations are described in terms of the principal strains by the forming limit 

diagram (FLD). The forming limit in a FLD is conventionally described as a curve in a 

plot of major strain vs. minor strain. If the maximum principal strain is above the forming 

limit curve, it indicates that necking or fracture failure will happen; otherwise failure will 

not occur and the process is safe (Stoughton, 2000). As shown in Figure 2.2, for two 

postulated forming processes for the same material, the maximum strain obtained in 

process one crosses the forming limit curve, where necking failure will happen, while the 

maximum strain obtained in process two is below the forming limit cure. Thus, process 

two is assumed to be safe. 

Major Strain 

80 

70 Necking failure 

I Safe 

40 

30 

20 l:=::I 
10 

-30 -20 -10 0 10 20 30 
Minor Strain 

Figure 2.2: Example of forming limit diagram 
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The historical background of the development of the FLD is shown in Table 2.1. 

Table 2.1: Historical background ofFLD 

Year Researchers Main Contributions 

1964 Keeler & Firstly conducted the study of FLD with the tests of the 
Backofen stretching of circular blanks by a hemispherical punch. 

Proposed the use of electrochemically-etched grids to 
1965 Keeler measure strain histories and strain distributions as a tool for 

determining forming limits. 

Marciniak & 
Proposed the analytical model for limit-strain prediction 

1967 
Kuczynski 

based on the initial inhomogeneity of a material, now 
commonly referred to as the M-K theory. 

Analyzed the strain distributions in the region of biaxial 
1968 Keeler tension in actual stampings to improve part quality and 

optimize die design using FLD. 

Obtained a failure band in both the negative and positive 
1968 Goodwin quadrants of minor strain, creating the general form of the 

forming-limit diagram. 

Introduced an approach involving the stretching of sheets of 
1975 Hecker various widths over a hemispherical punch to obtain strain 

ranging from uniaxial tension to balanced biaxial tension. 

2.2.1 Strain Path Effects on FLD 

Early work in the development of the forming-limit diagram assumed linear strain 

paths. With the full use of grid-strain analysis and, later, computer simulation, the strain 

histories in various deep-drawing operations have become more readily identifiable. 

Shortly after the Keeler-Goodwin FLD had been developed, researchers began to find 

that, for some materials, such forming limits changed significantly with differences in the 
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strain paths used to collect data points. An early experimental study, performed by 

Matsuoka and Sudo (1969), investigated the forming limits of aluminum-killed steel 

sheets that had been subjected to various types of second-stage strains, following first

stage deformation through balanced biaxial tension, uniaxial tension, or a modified 

drawing operation. More recently, interest in strain-path-dependent forming-limit 

diagrams for aluminum alloys has been driven by their potential application in the 

automotive industry. Graf and Hosford (1993) performed experiments using aluminum 

alloy 2008-T4, prestrained at various levels ofuniaxial tension, biaxial tension, and plane 

strain. They determined that biaxial prestrains generally lower the FLD, whereas plane

strain and uniaxial-tension prestrains generally raise the forming-limit curves. 

2.2.2 Prediction of FLD 

Three approaches have been proposed and utilized to predict the FLD, namely 

bifurcation analysis, damage model analysis and Marciniak & Kuczynski analysis as 

shown in Table 2.2. 
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Table 2.2: The Methods for predicting the FLD 

Method Main Characteristics References 

Hill (1952) 

Bifurcation 
Treat the onset of failure as the Storen & Rice (1975) 

analysis 
condition that leads to plastic 

Hutchinson and Neale (1978) instability 
Xinhai Zhu et al. (2001) 

Assume micro-defects in the 

Damage model 
material and forming limit is Tjotta (1992) 
predicted when the evolution 

analysis 
of these micro-defects reaches Chow et al. (2001) 

a limit 

Assume thickness 
Marciniak & Kuczynski (1967) 

imperfections normal to the Rasmussen (1981) 

M-Kmethod 
principal stress and strain as a Barata da Rocha & Jalinier (1984) 
groove simulating the Cao et al. (2000) 
preexisting defects in the Yao & Cao (2002) 
materials 

Wu et al. (2003) 

2.2.3 Uncertainty of Forming Limit 

In spite of the considerable amount of time researchers have spent on the subject 

ofFLD, the concern regarding the accuracy and precision with which a forming limit can 

be determined has not been sufficiently analyzed. Previous research works regarding this 

subject are listed in Table 2.3. 
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Table 2.3: Uncertainty analysis of forming limit 

Year Researchers Main contributions 

1968 Goodwin Presented the concept of forming limit band 

Investigated the probabilistic nature of the forming 
limits, showed that the scatter in the forming limits must 

1974 Van Minh et al. be some manifestation of an intrinsic material property 
rather than the errors inherent in the experimental 
method 

Predicted a scatter band in limit strains by repeating the 

1992 Narasimhan et al. 
FLD predictions for several differential initial random 
thickness distribution using Monte-Carlo and finite 
element methods 

Statistically evaluated the uncertainty of experimentally 

2001 Janssens et al. 
characterized forming limits of sheet steel, confirmed 
that the scatter of the forming limits is due to the 
material behavior and not to the experimental procedure. 

The forming limit curve of a material is usually determined by experimental 

measurement. Generally errors exist due to the uncertainty in experimental measurements, 

the material properties, the process conditions and so on, so the forming limit curve is 

more appropriately described as a forming limit band (Janssens & Lambert, 2001). With 

the forming limit band (e.g., as shown in Figure 2.3), if a strain point is located under the 

lower forming limit band boundary, the forming process is safe. If the strain point is 

located above the upper forming limit boundary, then necking failure is predicted to 

occur. If the strain point is located between the upper and the lower boundaries, then the 

forming process is marginal and there is a probability that failure will happen. In the 

following chapter, the reliability theory will be used to calculate the necking failure 
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probability of the process when the maximum strain obtained is located among the 

forming limit band. In the particular example shown in Figure 2.2 and Figure 2.3, while 

the conventional FLD predicts the process is safe, use of the forming limit band allows a 

probability of failure to be calculated. 

Major Strain 

30 

20 • Process one 

• Process two 

10 

-30 -20 -10 0 10 20 30 
Minor Strain 

Figure 2.3: Forming limit band in FLD 

Uncertainty of forming limit is not just found in the experimentally determined 

FLDs. Numerically predicted FLDs also see the uncertainty of forming limit due to the 

assumptions in the models. Horstemeyer (2000) investigated the following parameters 

which caused the variation of forming limits using FE simulation: finite element code, 

sheet thickness, type of instability, element type, mesh size and two-stage, non-

proportional loading. The influence of sheet orientation, n-values, r-values, prestrain and 

sheet thickness on the predicated FLDs has been investigated in Rees's (2001) research 

on predicting the FLD of automotive sheet metal. Ozturk and Lee (2004) used a dome 
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test for FE simulation to predict the forming limit using ductile fracture criteria, the limit 

strains were determined by monitoring the thickness strain throughout the simulations. A 

pre-determined strain value was checked and compared with the thickness strain of each 

element at each increment, when the condition is satisfied, the major and minor strains 

were recorded. In this method, the pre-determined strain value is a kind of subjective 

value which brings the subjective uncertainty of forming limit into the predicted FLD. 

Wu et al. (2004) presented a mesoscopic approach for constructing the forming limit 

diagram. It has shown that the following parameters have the effects on the predicted 

FLDs: strain-rate sensitivity, hardening parameter n, latent hardening parameter q, crystal 

elastic modulus, texture evolution and the spatial orientation distribution of texture. By 

directly incorporating the measured grain orientations and their spatial distributions into 

the finite element model, Wu et al. (2007) numerically simulated the localized necking in 

AA611 l-T 4 under stretching. They assumed that localized necking is associated with 

surface instability, the onset of unstable growth in surface roughening. They found that 

localized necking depends strongly on both the initial texture and its spatial orientation 

distribution. 

By recognizing that the uncertainty of forming limit exists in both experimentally 

determined FLD and numerically predicted FLD, in the following chapters, all the 

potential sources for the uncertainty of FLD observed in the experimental procedure will 

be classified into two categories: objective uncertainty sources and subjective uncertainty 

sources. The influence of these uncertainty sources will be investigated through the FE 

simulations. 
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2.3 Reliability Analysis of Metal Forming Process 

Although reliability theory is now widely applied in various areas, it has not 

become a main subject of studies in the metal forming field. There are very few reports 

on reliability analysis of metal forming process in the literature. 

Hopperstad et al. (1999) presented the reliability analyses of a plastic forming 

process. They combined the finite element method and reliability method to obtain the 

valuable information regarding the influence of various parameters governing the 

response of the aluminium extrusion during the forming process. Material parameters 

were modeled as random variables defined in terms of given statistical properties. The 

probability for the response parameters to stay within specified limits was calculated by 

means of response surface methods and First Order Reliability Method (FORM)/Second 

Order Reliability Method (SORM). 

The first research report of reliability analysis of sheet metal forming based on the 

FLD was presented by Arwashan (1999). In this research, the forming limit was defined 

by FLDo, which is expressed by a function of sheet thickness and the work hardening 

exponent. The probability of failure in forming was calculated as the probability of the 

plane strain to be higher than FLDo. The author did not take the shape of the FLD into 

account and assumed the variability in the forming limit is the result of variability in 

FLDo. 
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Kleiber et al. (2002) applied the methodology developed for structural reliability 

analysis to assess the reliability of a sheet metal forming operation. Forming limit 

diagrams (FLD) were used as a criterion of material breakage for the process in their 

research. They indicated that the FLC can be regarded as bounding the safe zone with 

some probability due to the uncertainties on the evaluation of the FLD caused by the 

different uncertainties in the process and material parameters. 

The FLC was used to construct the limit curve for the reliability analysis in their 

study. If all the strain points are below the FLC, the limit state function is equal to the 

distance of the point closest to the FLC (See Figure 2.4). On the other hand, if some of 

the points are above the FLC the value of the limit state function equals the maximal 

distance of the point from those above the curve, taken with the minus sign. 
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Figure 2.4: Definition oflimit state function (Kleiber et al., 2002) 
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Figure 2.5: FLD with marginal zone (Kleiber et al., 2002) 
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Figure 2.6 Forming limit diagram for rimming steel diaphragms bulged in different dies 

(Van Minh et al., 1974) 
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To account for the uncertainties regarding FLC's shape and position, Kleiber et al. 

introduced the marginal zone below the FLC (see Figure 2.5). The points on the diagram 

can now be classified depending on their position with respect to the marginal zone as 

leading to necking type failure with high or low probability. 

This paper is a pioneering research report of reliability analysis of metal forming 

process using the FLD. However, there are some obvious shortcomings in this paper 

since the authors are experts in reliability research but not the metal forming areas. First, 

the statistical experimental results of predicting the FLC showed that the strain points 

tend to spread more along the particular strain path than perpendicular to the estimated 

curve (see Figure 2.6, Van Minh et al., 1974), so it is not proper to use the distance of the 

strain point perpendicularly closest the FLC as the value of the limit state function. 

Second, all the FLCs constructed from the experimental results approximately represent 

the average limit of a material (Narasimhan et al., 1992; Janssens et al., 2001), so it is 

inappropriate to set a marginal zone below the FLC rather than offsetting from the FLC 

based on reliability analysis of forming process point of view. 

This research will try to overcome the shortcomings mentioned above and present 

a reliability analysis model based on the FLD in a different manner. 

2.4 Hydrof orming 

Hydroforming was developed during the late 1940's and early 1950's in response 

to the need for a lower cost method of producing relatively small quantities of deep 
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drawn parts (Davis, 1945). Since the 1990's it has been attracting increasing attention in 

many industrial fields, especially in the automotive industry. 

2.4.1 Tube Hydroforming Process 

Simply stated, hydroforming uses the force of water or hydraulic fluids to shape a 

single part. There are basically two types of hydroforming: tube and sheet. Tube 

hydroforming starts from a tube that has been precut into the proper length. The tube may 

require prebending as a preforming process. The tube is then placed into the die and the 

die is closed. Hydraulic liquid fills the tube and two side cylinders then close onto the 

ends of the tube. Simultaneously, the liquid is pressurized and the cylinders are pushed in 

from the side. The materials of the tube yields and flows into die cavity and the part is 

formed. A typical tube hydroforming process is shown in Figure 2.7. 
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Figure 2.7: Schematic view of tube hydroforming process (Asnafi et al., 2000) 

2.4.2 Influence of forming parameters on hydroformability 

The influence of material properties and process parameters on the tube 

hydroforming process has been studied by means of experiments, analytical models and 

finite element simulations. Carleer et al. (2000) found that the anisotropy parameter and 

hardening exponent have a large impact on the shape of free expanded tubes, and the 

anisotropy parameter and friction coefficient have the biggest effect on strain distribution. 

Manabe and Amino (2002) investigated the parameters influencing tube hydroforming by 

means of FE simulations and experiments. They suggest that tubular material with a high 

hardening exponent and high anisotropy parameter should be selected, and good 
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lubrication should be maintained to obtain the uniform wall thickness distribution. 

Boudeau et al. (2002) used the finite element method to study the influence of material 

and process parameters on the necking and bursting. Ko<; and Altan (2002) investigated 

the effects of the geometry parameters and process parameters in tube hydro forming by a 

series of 2D FEM simulations. They found the internal pressure and the length of the tube 

have the greatest effect on the bulge of an axi-symmetric part. Yang et al. (2001) 

developed a numerical approach that can provide the sensitivity information of internal 

pressure and axial load on the tube hydroforming process. 

2.5 Taguchi Method 

Over the second half of the 20th century, optimization found widespread 

applications in the study of production planning and scheduling systems, resource 

allocation in financial systems, and in engineering design. All optimization problems are 

expressed as a mathematical model which presents the optimization objective as a 

formula. In our research, it will not be appropriate to use traditional optimization methods 

to find the optimal combination of the forming parameters for a metal forming process in 

which the performance characteristics can not be expressed as a mathematical formula. 

The robust design method, also known as the Taguchi method is a proper tool for such 

kind of optimization problems. 
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2.5.1 Historical Background 

The Taguchi method is named after Dr. Genichi Taguchi, a Japanese electrical 

engineer. Taguchi (1976, 1977) published his main ideas in two volumes written in 

Japanese, and popularized his method in the United States and Europe in the late 1980's. 

Taguchi methods were first introduced to the American automotive industry in March 

1982 (Sullivan, 1987). Since 1982, the Taguchi method has been applied in a wide range 

of areas, from electronics and information technology to process industries and plastics 

technologies. Users of the Taguchi method have claimed substantial improvements in 

quality and robustness while simultaneously reducing costs. (Park et al., 1995; Yang et al., 

1998; Ko et al., 1999; Huh et al., 2003) 

2.5.2 Principle of Taguchi Method 

Experimental design methods were developed originally by Fisher (1925). 

However, classical experimental design methods are complex and not easy to use. 

Taguchi (1990) proposed to use a special design of orthogonal arrays to study the entire 

parameter space with a small number of experiments. The experimental results are then 

transformed into a signal-to-noise (SIN) ratio. Taguchi recommends the use of the SIN 

ratio to measure the quality characteristics deviating from the desired values. The SIN 

ratio is defined by 

SIN =-101og(MSD) (2.2) 
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where MSD is the mean square deviation for the quality characteristic. 

Usually, there are three categories of quality characteristic in the analysis of the 

SIN ratio, i.e. the-lower-the-better, the-higher-the-better, and the-closer-to-nominal-the-

better. The mean square deviation for the-lower-the-better quality characteristic is given 

by 

1 n 2 
MSD=-Iyi 

n i=I 

(2.3) 

where Yi is the value of the-lower-the-better quality characteristic, n is the number of the 

tests for a trial condition. The mean square deviation for the-higher-the-better quality 

characteristic is given by 

MSD = _!_ f--;-
n i=I Y; 

(2.4) 

where Yi is the value of the-higher-the-better quality characteristic. In the event the-

closer-to-nominal-the-better quality characteristic was desired, the mean square deviation 

would be 

MSD = _!_ f (Y; - S)2 

n i=I 

(2.5) 

where Y; is the value of the-closer-to-nominal-the-better quality characteristic, and S is 

the target value. 

Regardless of the category of the quality characteristic, a greater SIN ratio 

corresponds to better quality characteristic. Furthermore, a statistical analysis of variance 

(ANOVA) is performed to see which process parameters are statistically significant. It 
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uses the sum of squares to partition the overall variation from the average SIN ratio into 

the contribution by each of the parameters and the error. 

The overall average SIN ratio is expressed as 

(2.6) 

where k is the number of tests in the orthogonal array, (SIN); is the SIN ratio of the ;th 

test. The sum of the squares due to the variation from the overall average SIN ratio is 

k --

SS= L((S IN); -SI N)2 (2.7) 

i=l 

the sum of the squares due to the variation from the average SIN ratio for the ;th factor is 

I -- --

SS;= LTj x((S I N)ij -SI N)2 (2.8) 

j=l 

where I is the number of the factor levels , I;- is the number of the tests of the ;th factor at 

the J.th level, (SI N)iJ is the average SIN ratio of the quality characteristic for the ;th factor 

at the J.th level. The percentage contribution of ;th factor is given by 

P(%) =SS; xlOO 
I SS 

(2.9) 

With the SIN and ANOV A analyses, the optimal combination of the process 

parameters can be determined. 

2.5.3 Application in Manufacturing 

The Taguchi method is now widely used in all areas of manufacturing to improve 

the quality of products and processes as shown in Table 2.4. 
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In this research, the Taguchi method will be used to optimize the forming 

parameters while more than one quality characteristics are simultaneously considered for 

the same metal forming process. A new multi-objective optimization approach will be 

proposed by integrating the classical mathematical optimization method with the Taguchi 

method. 

Table 2.4: Application of Taguchi method in Manufacturing 

Year Researchers Main contributions 

Investigated the effect of material and process variables 
1995 Park et al. on the formability using the Taguchi method in metal 

forming area. 

Implemented the artificial neural network using the 
1999 Ko et al. Taguchi method in the multi-stage metal forming process 

considering workability limited by ductile fracture. 

Used fuzzy logic in the Taguchi method to optimize the 
submerged arc welding process, transformed the 

2000 Tarng et al. optimization of multiple performance characteristics into 
optimization of a single performance index through the 
fuzzy decision-making logic. 

Used the Taguchi's quality loss function to identify the 
significant factor/interaction effects and determine the 

2001 Antony 
optimal condition for the manufacturing process with 
multiple quality characteristics by assigning different 
relative weights to the different quality characteristics 
prior to optimization. 

Studied the influence of rolling parameters on the 

2002 Duan& subgrain size during the hot rolling of aluminium alloys 
Sheppard by the combination of finite element methods with the 

Taguchi method. 

Presented a successful application of combined Taguchi 

2003 Dhavlikar et al. 
and dual response methodology to determine robust 
condition for minimization of out of roundness error of 
work pieces for centerless grinding operation. 
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2.6 Discussion 

Based on the findings of reviewing the literatures, the reliability analysis of metal 

forming process can be carried out based on forming limit diagram. The forming limit 

diagram which is usually determined by experimental tests can also be predicted 

analytically and/or numerically. The Taguchi method as the experimental design method 

is a proper tool for optimizing the process by identifying the most significant parameters 

and the optimal combination of design parameters. It can be applied to improve the 

reliability of metal forming process and robust design of the process. 

The following chapters detail how these methodologies have been implemented in 

metal forming process and how the research objectives of this study have been achieved. 
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Chapter 3 

Reliability Based on Forming Limit 

Diagram 

The purposes of this study are to (1) establish a reliability analysis model by 

combining traditional reliability theory with the Forming Limit Diagram (FLD), and (2) 

predict the failure probability of a given tube hydroforming process at the initial design 

stage. A simple tube hydroforming process of free bulging will be analyzed to illustrate 

the method. As for the tube hydroforming limiting strains, due to a shortage of 

experimental data, the conventional sheet forming limit data is usually applied (Xing et 

al., 2001; Nefussi et al., 2002). 
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3.1 Notional Strain and Notional Limit Strain 

Before introducing the reliability analysis method based on the FLD, we present 

two terms, namely notional strain and notional limit strain. We assume there is a forming 

process and a particular strain point is plotted on the FLD (point "1" in Figure 3.1), and 

the forming limit band for the material is as shown in Figure 3.1. A proportional strain 

path is assumed through this strain point. Because of inherent process variability, the 

strain at a given location of a formed part will vary from part to part during production, 

thus the notional strain of that point describes the median of this strain distribution. 

The proportional strain path (also shown on the right of Figure 3.1) has three 

intersection points with the forming limit band, i.e., points "2'', "3" and "4". We define 

the distance from the origin in the FLD to the point "1" as the notional strain of the strain 

point "l". We also define the distance from the origin to any point between the point "3" 

and "4" in the strain path as the notional limit strain of the material, the distance from 

origin point to point "2" will be the mean value of the notional limit strain, and the 

distance from original point to point "3" and point "4" will be the maximum and 

minimum values of the notional limit strain along the given strain path. 
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Figure 3 .1: Concept of notional strain and notional limit strain 

3.2 Reliability Analysis Based on FLD 

In our research, we assume that both the notional strain of the tubular blank and 

the notional limit strain of the material obey the normal distribution. The reliability of the 

hydroformed tube based on the FLD will then be (Kapur & Lamberson, 1977) 

(3.1) 

where ZR is the reliability coefficient 
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and f.1ne & Une and µ1e & U/e are the mean values and the standard deviations of notional 

strain and notional limit strain, respectively. 

Traditional reliability theory uses the stress-strength interference model to predict 

reliability (Rao, 1992). Here we present the notional strain-notional limit strain 

interference model as shown in Figure 3.2. Notional strain is a function of process 

variability while notional limit strain represents the distribution of material strength. The 

overlap area in Figure 3.2 represents the necking failure probability of the forming 

process. In this case the 'x' axis of the interference model represents the proportional 

strain path shown in Figure 3.1. 

Notional Strain Notional Limit Strain 

x 

Figure 3.2: Notional strain- notional limit strain interference model 

3.2.1 Distribution of Notional Limit Strain 

We have assumed the notional limit strain as a random variable following the 

normal distribution, according to the definition of notional limit strain in Section 3 .1. The 
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width of the forming limit band is typically 7% to 10% true strain, depending on the 

experimental results for a particular material (Janssens et al., 2001). Assuming this band 

represents plus or minus three standard deviations of the distribution, the standard 

derivation of the notional limit strain can be obtained approximately as: 

(3.3) 

where p is the percent of the true strain of the half width of forming limit band. 

3.2.2 Distribution of Notional Strain 

The strain distribution of one forming process is dependent on many parameters. 

We can express the notional strain & as 

(3.4) 

where x; (i=l, ... , n) are the process parameters that affect the notional strain. Assuming 

these parameters also obey the normal distribution, then the mean value and the variance 

of the notional strain can be obtained approximately as (Li et al., 1999) 

(3.5) 

(Y2 = ~ [ f} J,,e ]
2 

(Y2 
ne L..J f} x. 

i=l X; __ ' 
X;-X; 

(3.6) 

where µx;, a-~ (i = J, .. ·,n) are the mean value and the variance of X; and X; is the average 

value ofx;. 
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3.3 Application 

3.3.1 FEM Simulation 

Simulations have been performed using the explicit FEM code H3DMAP (Sauve, 

1999). The finite element computer code H3DMAP version 6.2 is a general three

dimensional structural analysis package that has been developed at Ontario Hydro to 

solve a wide variety of problems encountered by the corporation. The current version of 

the code has been successfully applied to solve the nonlinear problems including the 

manufacturing processes involving metal forming. The code has been extensively 

benchmarked and verified using a number of cases for which either experimental results 

or classical solutions are available. The salient feature of H3DMAP is the nonlinear 

explicit transient dynamic/steady state option for the finite deformation of solids. A 

robust 3-D contact algorithm is included to permit accurate modeling of bodies 

undergoing sliding at material interfaces. It is based on the master-slave sliding concept 

and provides significant code capabilities in the area of crashworthiness and 

manufacturing area. 

Figure 3 .3 shows the hydro forming process of free bulging of a straight tube with 

simultaneously applied internal pressure and axial force. Due to the axisymmetry of the 

deformed tube, by considering that the computer CPU is not an issue for this application, 

one-eight of the tubular blank and the tooling were modeled. The tooling was modeled as 

a rigid body. The tube material is assumed to be isotropic elastic-plastic obeying the 
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Ludwik-Hollomon hardening relationship, a= ken . Table 3.1 shows the material 

properties of the tubular blank. 

Figure 3.3: Schematic view of free bulging hydroforming 

Table 3.1: Mechanical properties used in the simulation 

p,kg/m3 E,GPa K,MPa n oy, MPa au, MPa v 

7850 205 537 0.227 240 350 0.3 

During simulation of the forming process, the loading path strategy described by 

Manabe and Amino (2002) was used. In this strategy, the internal pressure and the axial 

load are applied according to the following equation of nominal stress ratio m (Y oshitomi, 

1987) 

a¢ (F-P1 Ao)IA 
m=-=-----

(3.7) 

O"e PJRi I to 
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where <J8 is the circumferential stress, CY; is the axial stress, P1 is the forming internal 

pressure, F is the axial load, Ri is the inner radius of the tube, Ao is the inner surface area 

of the tube, A is the cross-sectional area of the tube, and to is the thickness of the tube. 
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Figure 3.4: Loading path used in the simulation 

Figure 3 .4 shows the loading path used in the simulation. Internal pressure is 

applied linearly with the simulation time and axial load is applied in proportion to the 

internal pressure. 

Different mesh sizes for the tubular blank are investigated for its effects on the 

simulation results. Table 3.2 shows the maximum effective plastic strains of the deformed 

tube corresponding to the different mesh sizes. In model No.I, 3 layers (3 elements) 

through the thickness with 1800 elements on each layer are defined. In model No.2, 5 

layers (5 elements) through the thickness with 1800 elements on each layer are defined. 

In model No.3, 5 layers (5 elements) through the thickness with 2400 elements on each 
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layer are defined. It can be seen from Table 3.2 that the variation of the maximum 

effective strain is quite small, when the mesh size of tube is over 5400 elements. By 

taking both the mesh quality and computation effectiveness into account, 5 elements 

through the thickness with the total of 9000 elements are chosen as the mesh size for the 

tubular blank. 

Table 3.2: Maximum effective plastic strain with different mesh sizes 

Model Mesh Size Maximum effective strain 

1 
3 elements through the thickness 

0.578 
total 5400 elements 

2 
5 elements through the thickness 

0.571 
total 9000 elements 

3 
5 elements through the thickness 

0.568 
total 12000 elements 

3.3.2 Effects of Different Parameters on Hydroformability 

Generally, there are three groups of parameters that affect the formability of the 

tube hydroforming process: (a) geometrical parameters: length, radius, thickness, etc.; (b) 

material parameters: hardening coefficient, strain hardening exponent, etc.; and (c) 

process parameters: internal pressure, axial load, friction coefficient, etc. (Ko9 & Altan, 

2002). 

The parameters of interest in our study are the geometrical parameters including 

length of the tube (defined by L
0
/r

0 
), thickness (defined by t0 /r0 ), die entry radius 
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(defined by re/ r0 ) and bulge width (defined by W / r0 ), the material parameter including 

hardening coefficient (defined by K/uY) and hardening exponent (n), and the process 

parameters including internal pressure (defined by P1 /uY ), nominal stress ratio (m) and 

friction coefficient {µ). 

In the simulation, each parameter is varied over a range of ± 10% from the 

nominal value, while keeping the rest of the parameters constant, in order to investigate 

the effect of each parameter on the process. Table 3.3 presents the different parameter 

values used in the FEM simulation with the outer radius of tube r0 = 30 mm and the yield 

stress u Y = 240 MPa. The nominal values are those in the center column. In total thirty

seven combinations of the forming parameters are evaluated by the finite element 

simulation (See Table 3.4). The maximum effective strain is found to be in the center of 

the expansion region (all the elements along the circumferential direction have the same 

strain value), element 3630 is used as the representative critical element (See Figure 3.5). 

When the different parameter values in Table 3.3 are used in the simulations, the strain 

distribution of the critical element 3630 is found (Figure 3.6). The first row in Table 3.4 

corresponds to the parameters combination with the nominal values. The resulting 

notional strains of the critical element (element 3630) are listed in the last column in 

Table 3.4. Figure 3.7 illustrates the effect of the different parameters on the bulge height. 

From Figure 3.7, it can be seen that the length of tube, the bulge width, the internal 

pressure and the hardening coefficient have the greatest effect on the bulge height, with 

the other parameters having relatively smaller effects. 
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Table 3.3: The forming conditions used in the simulation 

Geometrical parameters 

Length of tube Lo (mm) 180 190 200 210 220 

Thickness of tube to (mm) 1.35 1.425 1.5 1.575 1.65 

Die entry radius re (mm) 9 9.5 10 10.5 11 

Bulge width W (mm) 90 95 100 105 110 

Material parameters 

Hardening coefficient K (MPa) 483.3 510.15 537 563.85 590.7 

Hardening exponent n 0.2043 0.2157 0.227 0.2384 0.2497 

Process parameters 

Internal pressure P1(MPa) 36 38 40 42 44 

Nominal stress ratio m 0.36 0.38 0.4 0.42 0.44 

Friction coefficientµ (Coulomb) 0.054 0.057 0.06 0.063 0.066 
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Table 3.4: Layout of simulation and the resulting critical notional strain 

Run 
Lo/ro to/ro re/ro W/r0 P1 /ay Kjay Notional strain 

No. 
n m µ (%) 

1 6.667 0.05 0.333 3.333 0.227 0.167 0.4 0.06 2.238 48.2538 
2 6.000 0.05 0.333 3.333 0.227 0.167 0.4 0.06 2.238 54.9619 
3 6.333 0.05 0.333 3.333 0.227 0.167 0.4 0.06 2.238 52.7630 
4 7.000 0.05 0.333 3.333 0.227 0.167 0.4 0.06 2.238 47.4324 
5 7.333 0.05 0.333 3.333 0.227 0.167 0.4 0.06 2.238 40.4330 
6 6.667 0.045 0.333 3.333 0.227 0.167 0.4 0.06 2.238 47.4798 
7 6.667 0.0475 0.333 3.333 0.227 0.167 0.4 0.06 2.238 47.3308 
8 6.667 0.0525 0.333 3.333 0.227 0.167 0.4 0.06 2.238 46.6007 
9 6.667 0.055 0.333 3.333 0.227 0.167 0.4 0.06 2.238 44.9898 
10 6.667 0.05 0.300 3.333 0.227 0.167 0.4 0.06 2.238 44.7365 
11 6.667 0.05 0.317 3.333 0.227 0.167 0.4 0.06 2.238 45.4263 
12 6.667 0.05 0.350 3.333 0.227 0.167 0.4 0.06 2.238 46.6139 
13 6.667 0.05 0.367 3.333 0.227 0.167 0.4 0.06 2.238 47.2692 
14 6.667 0.05 0.333 3.000 0.227 0.167 0.4 0.06 2.238 41.1357 
15 6.667 0.05 0.333 3.167 0.227 0.167 0.4 0.06 2.238 42.7205 
16 6.667 0.05 0.333 3.500 0.227 0.167 0.4 0.06 2.238 50.6125 
17 6.667 0.05 0.333 3.667 0.227 0.167 0.4 0.06 2.238 54.8410 
18 6.667 0.05 0.333 3.333 0.2043 0.167 0.4 0.06 2.238 45.2590 
19 6.667 0.05 0.333 3.333 0.2157 0.167 0.4 0.06 2.238 46.3784 
20 6.667 0.05 0.333 3.333 0.2384 0.167 0.4 0.06 2.238 47.7661 
21 6.667 0.05 0.333 3.333 0.2497 0.167 0.4 0.06 2.238 48.1477 
22 6.667 0.05 0.333 3.333 0.227 0.150 0.4 0.06 2.238 37.5016 
23 6.667 0.05 0.333 3.333 0.227 0.158 0.4 0.06 2.238 41.4760 
24 6.667 0.05 0.333 3.333 0.227 0.175 0.4 0.06 2.238 49.9498 
25 6.667 0.05 0.333 3.333 0.227 0.183 0.4 0.06 2.238 54.7431 
26 6.667 0.05 0.333 3.333 0.227 0.167 0.36 0.06 2.238 46.5237 
27 6.667 0.05 0.333 3.333 0.227 0.167 0.38 0.06 2.238 46.8054 
28 6.667 0.05 0.333 3.333 0.227 0.167 0.42 0.06 2.238 45.7625 
29 6.667 0.05 0.333 3.333 0.227 0.167 0.44 0.06 2.238 46.0603 
30 6.667 0.05 0.333 3.333 0.227 0.167 0.4 0.054 2.238 47.0816 
31 6.667 0.05 0.333 3.333 0.227 0.167 0.4 0.057 2.238 47.3291 
32 6.667 0.05 0.333 3.333 0.227 0.167 0.4 0.063 2.238 47.3565 
33 6.667 0.05 0.333 3.333 0.227 0.167 0.4 0.066 2.238 47.2305 
34 6.667 0.05 0.33 3.33 0.227 0.167 0.4 0.06 2.014 52.6197 
35 6.667 0.05 0.33 3.33 0.227 0.167 0.4 0.06 2.126 50.6250 
36 6.667 0.05 0.33 3.33 0.227 0.167 0.4 0.06 2.349 45.0626 
37 6.667 0.05 0.33 3.33 0.227 0.167 0.4 0.06 2.461 42.2415 
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3.3.3 Reliability of Tube Hydroforming Process 

The principle strains of all the elements of the hydroformed tube from the FEM 

simulation using the nominal parameter values (Run #1, Table 3.4) are shown in Figure 

3.8. Because of rotational symmetry of this process, each strain point in Figure 3.8 

actually represents a series of similar strain points of the elements in the same hoop. 

What appears to be five strain 'paths' in the FLD is the result of using five elements in 

the thickness direction in our FEM model. 

The strain path corresponding to the distribution axis in Figure 3.2 was taken 

through the strain point of element 3630 for the nominal parameter value case. Using a 

polynomial representation of the forming limit curve, the mean value of notional limit 

strain along this strain path is µ1e = 49.3337. Assuming the width of the forming limit 

band as 10% of the mean, then p in Eq. (3.3) is 0.05, so the standard derivation of 

notional limit strain is <Y1e = 0.8222. 

All the strain points of element 3630 corresponding to the various values of the 

process parameters are shown in Figure 3.6. (In every simulation case, the critical strain 

occurred in element 3630.) Taking the strain path through the nominal case strain point as 

a local coordinate axis, the strain points for all cases were projected to this axis. The 

projections were made parallel to the FLC, using the offset curve "Temp FLC". Points 

along this curve have the same probability of necking failure. For instance, the point "2" 

in Figure 3.6 is the projected point of the strain point "1". Applying this method results in 

44 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

all strain points being projected onto the strain path, and consequently a normal 

distribution may be fitted to the strain data. 

The mean value of notional strain of element 3630 is obtained directly. Equation 

(3 .6) is used to evaluate the standard derivation of notional strain as a function of each 

parameter. Figure 3.9 shows the relationship of the strain of element 3630 to each 

forming parameter. This data is used to fit a second-order polynomial, to represent the 

function he in Eq. (3.6). Table 3.5 shows the mean value and standard deviation of each 

forming parameter and the partial derivative of notional strain with respect to each 

parameter. After calculating, we get the mean value of notional strain of element 3630 

µne = 48.2538 and the standard deviation a-ne = 4.7562. 
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Table 3.5: Partial derivative of notional strain with respect to each forming parameter 

Xi Lo ta re w n P1 m µ K 

Mean 
200 1.5 10 100 0.227 40 0.4 0.06 537 Value 

Standard 
6.6667 0.05 0.3333 3.3333 0.0076 1.3333 0.0133 0.0020 17.9 

derivation 

at,,e 
-0.3439 -7.6135 1.2506 0.7061 63.1286 2.1478 0.1114 10.8400 -0.0980 

Bx; 

From Eq. (3.1), we can obtain the reliability of the element 3630 R=58.85%. 

Since the strain of element 3630 is the critical strain of the hydroformed tube, then the 

reliability of this hydroforming process is 58.85%, i.e., the necking failure probability of 

the process is 41.15%. 

If a specific reliability is required for this process, the designer can alter the 

process and product design at the initial design stage and use this approach to predict the 

resulting reliability. Indeed, data generated during the analysis can be plotted as in Figure 

3.9 to present sensitivity information that would aid in selecting the parameters to change, 

and the directions of change. 
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3.4 Discussion 

It is a relative new area in the metal forming field by using forming limit diagram 

to predict the reliability of a metal forming process. As mentioned in literature review, 

Kleiber et al. (2002) applied the structural reliability analysis method to evaluate the 

reliability of a sheet metal forming operation using the forming limit diagram as the 

criteria of material failure. Two methodology issues of this paper have been summarized 

in Section 2.3, one is regarding the orientation of the scatters of strain points, and another 

is regarding the marginal zone of forming limit. In our study, improvements have been 

made in both aspects. First, the notional strain and notional limit strain are defined as the 

distance from the origin to certain strain point along a particular strain path. Such kind of 

definition is conformable with the statistical experimental observation, in which the strain 

points tend to spread more along the particular strain path than perpendicular to the 

estimated curve (Figure 2.6, Van Minh et al., 1974). Second, the forming limit band 

offsetting the forming limit curve, with the same upper and lower percentage is used to 

present the uncertainty of the strain limits. Such kind of presentation reflects the actual 

practice better than the marginal zone below the FLC, because the FLC constructed from 

the experimental results usually represents the average strain limit of a material (Janssens 

et al., 2001 ). 

The methodology presented in this study will be still applicable if a stress space 

FLD is chosen as the failure criteria for metal forming process. The notional strain and 
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notional limit strain are assumed to follow the normal distribution in this study since it is 

simple and easy to use. However, other formats of probability distributions such as 

triangle, lognormal and weibull can also be chosen to describe the strains if the 

experimental statistical data are available, but the methodology will be identical. 

The approach described here is meant to be applied at the initial product design 

stage. As such, it allows process validation to be performed before any time or cost has 

been spent building tooling. In addition to predicting process reliability, this approach 

also provides sensitivity information that can be used to modify process designs to 

improve the reliability. 
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Chapter 4 

Prediction of FLD using FEM 

As introduced in Chapter 2 and 3, the Forming Limit Diagram (FLD) of a 

material is generally determined by experimental measurements. However, the 

experimental determination of a FLD is a time-consuming procedure and a large scatter 

of forming limit is usually obtained in the experimental measurements (Wu et al., 2003). 

As a result, various numerical methods have been used to determine the forming limit 

diagram. Most numerical methods for FLD studies have been based on the so-called M-K 

approach developed by Marciniak and Kuczynski (1967). By using the M-K approach, a 

basic assumption has to be made that an initial imperfection exists in the form of a groove. 

Many researchers have shown that the initial thickness inhomogeneity in the M-K 

approach has a significant influence on the predicted results (Graf and Hosford, 1993, 

1994; Tang and Tai, 2000). A great of number of efforts have been made to predict the 

FLD by introducing different types of initial inhomogeneities in the numerical simulation 

such as assigning texture components randomly to the sheet (Wu et al., 2004) and 
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postulating a heterogeneous distribution of mechanical properties through the starting 

material (Duan et al., 2005). On the other hand, the studies using FEM without 

implementing a pre-defined imperfection have increased. Takuda et al. (2000) predicted 

the forming limit strains of sheet metals by combining the finite element simulation with 

ductile fracture criteria. The in-plane biaxial stretching test was simulated and the limit 

strains were determined by substituting the values of stress and strain obtained from the 

finite element simulation into a ductile fracture criteria. Ozturk and Lee (2004) did 

similar research to analyze forming limits by the combination of finite element simulation 

with the ductile fracture criteria, but they used the out-of-plane formability test for the 

simulation. 

The purpose of this study is to develop a practical approach to predict the forming 

limit diagram of sheet metals by finite element simulation. The basic idea is to simulate 

the real experimental test for determination of FLD. There are several types of tests used 

to determine the FLD such as uniaxial tensile test, hydraulic bulge test, punch stretching 

test, Keeler test, Hecker test, Nakazima test, Marciniak test and Hasek test (D. Banabic, 

2000). The Nakazima test (also called the dome test) is chosen for simulation in this 

study to predict the FLD. Nakazima test is carried out with a hemispherical punch and a 

circular die. By varying the width of the specimen and the lubricant, both side of the FLD 

curve can be predicted. The assumption behind using the dome test is that the 

compressive stresses normal to the sheet, frictional shear stresses and sheet curvature 

existing in the test can be regarded as kind of "imperfection". So neither pre-defined 

geometrical imperfections nor material imperfections will be applied in the simulation 
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model. The forming limit strains will be obtained based on the proposed localized 

necking criteria. 

4.1 Criteria for Localized Necking 

Jain and Allin (1994) experimentally analyzed the variability of FLDs by 

conducting hemispherical punch stretching tests and Marciniak punch stretching tests. 

They classified the grids measured in the vicinity of the neck into four categories (see 

Figure 4.1): (a) necked: grids which contained the entire neck width; (b) partially necked: 

grids which partially contained the neck width; ( c) unnecked: grids just lying outside the 

neck and ( d) safe: grids at least one grid length away from the neck. The major and minor 

strains of the unnecked grids were used to determine the FLD. Takuda et al. (2000) 

measured the strains at the nearest lattice close to the fracture site as the limit strains of 

necking in their experimental work. They found the plastic deformation almost ceases 

outside of the necking after the localized necking happens, while the deformation at the 

necking region progresses under plane-strain condition to fracture. 

In this study, hemispherical punch stretching tests conducted by Jain and Allin 

(1994) are used as the referred experimental method for the simulation. The following 

criterion is proposed to evaluate the forming limit strains for localized necking: 

The element just outside the necking area, where both its major principal strain 

( &1 ) and minor principal strain ( &2 ) have no change after localized necking happens, will 

be chosen as the reference element for measurement of limit strains. 
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In the simulation, the width of the sample is varied to achieve different forming 

states. The left sample in Figure 4.3 is used to determine the limit strain for uniaxial 

tension. The central sample in Figure 4.3 is used to determine the limit strain for plane 

strain tension. The right sample in Figure 4.3 is used to determine the limit strain for 

biaxial stretching. Three friction conditions between the punch and the sheet are used to 

study the effects of friction on the strain path. No lubricant between the punch and the 

sheet meaning a high friction condition is represented by the friction coefficient of 0.15 at 

punch sheet interface. A Teflon lubricant between the punch and the sheet meaning an 

intermediate friction condition is represented by the friction coefficient of 0.05. A 

polyurethane lubricant between the punch and the sheet meaning a low friction condition 

is represented by the friction coefficient of 0.01. Due to the geometrical symmetry of 

three types of sheet blanks (see Figure 4.3), one quarter of the sheet and tooling are 

modeled in order to improve the computational efficiency. The finite element simulations 

were performed by the commercial FE software LS-DYNA (LSTC, 2007). LSDYNA is 

an explicit dynamic FE solver which is very robust for solving dynamic, non-linear, large 

deformation events and processes including sheet metal forming problems. The 

significant features of LS-DYNA include fully automatic definition of contact areas, 

large library of constitutive models, large library of element types, special 

implementation for the automotive industry (seatbelt, airbag, dummy), and special 

features for metal forming applications (adaptive mesh). The main application areas of 

LS-DYNA are crashworthiness, metal forming, and drop testing. Other applications 

could be limit-load analysis or safety of buildings after an earthquake or after an impact. 
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Clamp Die 

Sheet Blank 

Figure 4.2: Simulation model of dome test 

Figure 4.3: Geometry of samples used in the simulation 
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4.2.1 Element Type 

Both the tooling and sheet blank are meshed using shell elements. The tooling 

including the punch, the clamp die and the lower die are defined as rigid bodies. The 

Belytschko-Tsay shell element is used for the sheet blank as recommended by Maker and 

Zhu (2000). The shell element thickness is specified through the thicknesses of its 

associated nodes. Seven integration points through the thickness were used to ensure 

enough calculation precision by taking the bending effect into account. 

4.2.2 Mesh Size 

The choice of mesh size is important to capture the strain distribution of the 

model accurately. The smaller mesh size can provide more accurate deformation solution 

but take longer computation time. In order to get a balance between solution accuracy 

and computational efficiency, the sensitivity analysis of mesh size is performed to define 

the appropriate mesh size. Four different mesh sizes for the sheet blank are examined to 

see the effect of mesh size on the results for the plane strain stretching test (see Figure 

4.4). Table 4.2 shows the resultant maximum thickness reduction percentages correspond 

to the different mesh sizes. It can be seen that the maximum thickness reduction 

percentage changes very slightly when the element size is smaller than 1.65 mm. 

Although not shown here, similar mesh sensitivity analysis studies have been performed 

for the uniaxial tension and biaxial tensions tests. It seems that the mesh with an average 

element size of approximately 1.65 mm should be fine enough for the present study. 
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(a) 748 elements (b) 1305 elements 

(c) 1380 elements (d) 1457 elements 

Figure 4.4 Different mesh sizes for the blank for plane strain stretching 

Table 4.2: Effect of mesh size on the thinning rate 

Total elements 
Element size (mm) Maximum thickness 
(Approximately) reduction percentage (%) 

748 2.20 39.82 

1305 1.70 44.46 

1380 1.65 49.37 

1457 1.60 49.49 
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4.2.3 Material Model 

There are several material models available in LS-DYNA for sheet metal forming 

simulation such as types 18, 24, 36 and 37. Material type 18 is the 

*MAT_POWER_LAW _PLASITICITY. This is an isotropic plasticity model with rate 

sensitivity which uses a power law-hardening rule. Material type 24 is the 

*MAT_PIECEWISE_LINEAR_PLASITICITY. This is an isotropic elastic-plastic model 

in which an arbitrary stress versus strain curve and arbitrary strain rate dependency can 

be defined in this model. Material type 36 is the *MAT_3-PARAMETER_BARLAT. 

This model was developed by Barlat and Lian (1989) for modeling sheets with anisotropy 

under plane stress conditions. Material type 37 is the 

*MAT TRANSVERSELY ANISOTROPIC ELASTIC PLASTIC. This model is for - - - -

simulating transverse anisotropic materials based on Hill's (1948) yield function. 

AA 5182-0 is an anisotropic material, material type 36 is thus used in this study. 

The anisotropic constants in Barlat's Yld89 model are obtained through the Lankford 

parameters Ro, R45 and R90• The effective stress-effective plastic strain curve for AA5 l 82-

0 used in the simulations, which is based on the values of <ly. Kand n in Table 4.1, is 

shown in Figure 4.5. 
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Figure 4.5: Effective stress versus effective plastic strain for AA 5182-0 

4.2.4 Contact Definition 

There are three contact interfaces defined in the dome test simulations, i.e., the 

contact interface between sheet blank and punch, sheet bank and clamp die and sheet 

blank and lower die. LS-DYNA decomposes contact interface into two parts: a slave 

surface and a master surface. It assumes that slave nodes must not penetrate master 

segments. 

LS-DYNA offers three different contact methods. For most metal forming 

simulations, the penalty method is recommended (Maker & Zhu, 2000). The penalty 

method places a normal interface spring between all penetrating nodes and the contact 
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surface. When penetration is detected, fictitious springs between the contacting entities 

move a penetrating node back to the contact surface. These artificial springs are applied 

as long as penetration is detected and are removed as soon as penetration ceases (LSTC, 

2003). 

In this study, the sheet blank is always treated as the slave surface and each rigid 

tooling component is designated as a master surface. There are many special contact 

types available in LS-DYNA formulated for sheet metal forming simulations. The contact 

algorithm used for the dome test simulations m this study is the 

*CONTACT_FORMING_ONE_ WAY_SURFACE_TO_SURFACE as recommended by 

Maker and Zhu (2000). 

4.2.5 Tool Motion 

The overall hydraulic press motion in the dome test is simulated numerically 

through the application of appropriate velocity and displacement boundary conditions. 

The punch and clamp die are constrained allowing only movement in the Y-direction, 

which corresponds to the direction of the punch axis. The lower die is fully constrained. 

The clamp die motion is specified using a trapezoidal velocity profile as shown in 

Figure 4.6. The maximum clamp die velocity is 2 mm/ms and the total displacement is 5 

mm, which is the height of the drawbead. After the drawbead is fully closed, the velocity 

constraint is removed and the proper clamping load is applied to the clamp die. 
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The punch motion is also specified using a trapezoidal velocity profile as shown 

in Figure 4.7. The punch velocity is held at zero during engagement of the drawbead after 

which the punch stroke initiates at 3 ms. A maximum punch velocity of 2 mm/ms with a 

total punch displacement of 40 mm is sufficient to ensure the localized necking happened 

during the deformation process of the sheet blank. 

The overall process motion sequence is as follows: 

(1) The punch and clamp die are held in position close to the specimen. 

(2) A velocity curve is specified to move the clamp die and engage the drawbead. 

(3) After the drawbead is closed, a constant clamping load is applied. 

(4) The punch moves via a trapezoidal velocity curve to complete the deformation 

of the blank. 
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Figure 4.6: Clamp die velocity curve (solid) and corresponding displacement (dashed) 
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Figure 4.7: Punch velocity curve (solid) and displacement curve (dashed) 
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4.3 Results and Discussion 

As discussed in the foregoing section, different geometries of samples and 

different friction conditions at the punch sheet interface are used to obtain the forming 

limits for the different strain paths. The following results are obtained from finite element 

simulation. 

4.3.1 Forming Limits at Biaxial State 

Figure 4.8 shows the profile of the simulation model for biaxial stretching test. 

Figure 4.8: Simulation model for biaxial stretching test 

64 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

Necking 

(a) fc = 0.01 
LS-DYNA USER INPUT 

(b) fc = 0.05 
LS-DYNA USER INPUT 

STEP 52 TIME• 2.5000036E+001 

y 

~. 
(c) fc = 0.15 

Figure 4.9: Deformed mesh of sheet with the punch displacement of 40 mm 
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In the experimental method for determining the FLD, it is not easy to stop the test 

after the localized necking happens, especially for the right hand side of FLD. Sometimes 

the fractured specimen is used to measure the forming limit strains. The numerical 

simulation, however, has the advantage of being able to stop the deformation of the blank 

after the onset of necking and before fracture is reached. Figure 4.9 shows the necking 

area of blank at the different friction conditions. The lower the friction coefficient, the 

closer the necking area to the pole. This result is in good qualitatively agreement with 

experimental results (Hayashi, 1998). When necking happens, the corresponding punch 

displacement at the different friction conditions is shown in Table 4.3. The friction 

coefficients in Table 4.3 are estimated and utilized based on the lubrication conditions 

specified by Jain et al., 2005. The results of the punch displacement at necking are in 

good agreement with experimental results (Jain et al., 2005) 

Table 4.3: Punch displacement for various friction conditions 

Lubrication condition Adopted friction Punch displacement at necking 
estimated coefficient (mm) 

Dry 0.15 31 

Teflon 0.05 38 

Polyurethane 0.01 38.875 

As discussed earlier, the unnecked elements closest to the necking area are chosen 

as the measuring elements for determining the limit strains. The criteria for choosing 

these elements are to see if the &1 and c2 of the candidate elements have no simultaneous 
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increase after necking happens. With different friction coefficients, the different forming 

limit strains were obtained. 

4.3.1.1 Friction condition with fc = 0.01 

In the biaxial stretching test with friction coefficient fc = 0.01, the necking area is 

shown in Figure 4.10. Three elements, namely, No. 350, No. 374 and No. 398, are chosen 

as the measuring elements. The minor and major strains of these elements are shown in 

Figure 4.11 (a). It can be found that the minor and major principal strains of all these 

three elements have no further increase after simulation time of 23 .5 ms, which 

corresponds to the punch displacement of 38.875 mm. Localized necking is therefore 

initiated at 23.5 ms. However, the simulation kept running until 25 ms, so a large group 

of necked elements can been seen in Figure 4.9. The values of &1 and &2 of the element 

No. 350, 374 and 398 at 23.5 ms were recorded and were used as the reference points in 

the biaxial side of the FLD. It is noted that after initiation of necking at t=23.5 ms, these 

elements have no further thinning (See Figure 4.11 (b)). 

All the elements directly adjacent to the necking area are potentially qualified to 

be the measuring elements. However, some elements' major strains keep increasing while 

the minor strains have no change or the minor strains keep increasing while the major 

strains have no change after the onset of necking, it means the thickness strain of these 

elements are still changing, these elements can not satisfy the criteria, so they can not be 

chosen. Several elements around the necking area including elements 350, 374 and 398 
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meet the criteria, the practice of choosing elements 350, 374 and 398 arbitrarily as the 

measuring elements is to illustrate kind of subjective decisions involved in determining 

the FLD, i.e., how many elements and which specific ones should be chosen for 

measurement. For those elements chosen as the measuring elements such as 350, 374 and 

398, their minor and major strains at the necking can be found slight difference between 

each other. It shows the uncertainty of the limit strain due to the decision of how to 

choose the measuring elements. This issue will be discussed further in the later section. 

LS·DYNA USER INPUT 
Time= 25 

Figure 4.10: Location of the measuring elements in the biaxial state with fc = 0.01 
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Figure 4.11: Minor & major strains (a) and thickness strain (b) of measuring elements in 

the biaxial state with fc = 0.01 
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4.3.1.2 Friction condition with fc = 0.05 

In the biaxial stretching test with fc = 0.05, the necking area is shown in Figure 

4.12. Three elements, namely, No. 194, 278 and 386, are chosen as the measuring 

elements. The minor and major strains of these elements are shown in Figure 4.13. It can 

be found that the minor principal strain and major principle strain of all these three 

elements have no further increase after simulation time of 23 ms, which corresponds to 

the punch displacement of 38 mm. The values of &1 and &2 of the elements 194, 278 and 

386 at 23 ms were recorded and were used as the reference points in the biaxial side of 

FLD. 

ls-DYNA USER INPUT 
Time= 25 

Figure 4.12: Location of the measuring elements in the biaxial state with fc = 0.05 
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Figure 4.13: Minor and major strains of measuring elements in the biaxial state with 

fc = 0.05 

4.3.1.3 Friction condition with fc = 0.15 

In the biaxial stretching test with fc = 0.15, the necking area is shown in Figure 

4.14. Three elements, namely, No. 212, 284 and 428, are chosen as the measuring 

elements. The minor and major strains of these elements are shown in Figure 4.15. It can 

be found that the minor principal strain and major principle strain of all these three 

elements have no further increases after simulation time of 19.5 ms, which corresponds to 

the punch displacement of 31 mm. The values of &1 and &2 of the elements 212, 284 and 

428 at 19.5ms were recorded and were used as the reference points in the biaxial side of 

FLD. 
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ls-DYNA USER INPUT 
Time= 25 

Figure 4.14: Location of the measuring elements in the biaxial state with fc = 0.15 
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Figure 4.15: Minor and major strains of measuring elements in the biaxial state with 
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4.3.2 Forming Limits from the U niaxial State 

Figure 4.16 shows the profile of the simulation model for the uniaxial tension test. 

Figure 4.17 shows the necking area of blank under uniaxial tension at the different 

friction conditions. 

Figure 4.16: Simulation model for uniaxial tension test 

73 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

LS-DYNA USER INPUT 

STEP 12 TIME • Z.SHH4ZE•HI 

Necking 

y 

~· 
(a) fc = 0.01 

LS-DYNA USER INPUT 

STEP SZ TIME • Z. llllllllE•lll 

y 

~. 
(b) fc = 0.05 

LS-DYNA USER INPUT 

STEP llZ TIME • Z.lllllllE•lll 

y 

~. 
(c) fc =0.15 

Figure 4.17: Deformation of the sheet with the punch displacement of 40 mm 
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4.3.2.1 Friction condition with fc = 0.01 

In the uniaxial tension test with fc = 0.01, the necking area is shown in Figure 

4.18. Three elements, namely, No. 114, 66 and 18, are chosen as the measuring elements. 

The minor and major strains of these elements are shown in Figure 4.19. It can be found 

that the minor principal strain and major principle strain of all these three elements have 

no further increase after simulation time of 21 ms, which corresponds to the punch 

displacement of 34 mm. The values of t:1 and t:2 of the elements No. 114, 66 and 18 at 

21 ms were recorded and were used as the reference points in the draw side of FLD. 

Elements No. 19, 20 and 21 listed in Figure 4.18 are for the purpose of comparing with 

the Figure 4.20 and Figure 4.22 in the following sections to show the friction's effect on 

the necking location in the uniaxial tension. 

LS-DYNA USER INPUT 
Time= 25 

y 

~x 

Figure 4.18: Location of the measuring elements in the uniaxial state with fc = 0.01 
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Figure 4.19: Minor and major strains of measuring elements in the uniaxial state with 

fc =0.01 

4.3.2.2 Friction condition with fc = 0.05 

In the uniaxial tension test with fc = 0.05, the necking area is shown in Figure 

4.20. Three elements, namely, No. 116, 68 and 20, are chosen as the measuring elements. 

The minor and major strains of these elements are shown in Figure 4.21. It can be found 

that the minor principal strain and major principle strain of all these three elements have 

no further increase after simulation time of 20 ms, which corresponds to the punch 
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displacement of 32 mm. The values of £ 1 and £ 2 of the elements 116, 68 and 20 at 20 ms 

are recorded and are used as the reference points in the draw side of FLD. 

LS~OYNA USER INPUT 
Time= 25 

y 

~x 

Figure 4.20: Location of the measuring elements in the uniaxial state with fc = 0.05 

77 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

Uni axial stretching test with fc=O .05 
0.4 ,---,---,---,----µ;:::::::=:==i 

0.3 

/~----P....A_ Mid Surface MaxPrin St-116 
F't"----"l _a_ Mid Surface Max Prin Str-68 

·----··--·-· ·------+----•-+-- _c_ Mid Surface Max Prin Str-20 
..n.._ Mid Surface 2nd Prin St-116 
_£_ Mid Surface 2nd Prin Str-68 
_E_ Mid Surface 2nd Prin Str-20 

c 0.1+-----+-----+--~"-t----+------1 

~ 

-0.2 +--...L.... _ _j__..J...__-l-_....1,_ _ _j......_-1...,._--l=:::=::::r====:=1 
0 5 10 15 20 25 

Time (ms) 

Figure 4.21: Minor and major strains of measuring elements in the uniaxial state with 

fc = 0.05 

4.3.2.3 Friction condition with fc = 0.15 

In the uniaxial tension test with fc = 0.15, the necking area is shown in Figure 

4.22. Three elements, namely, No. 117, 69 and 21, are chosen as the measuring elements. 

The minor and major strains of these elements are shown in Figure 4.23. It can be found 

that the minor principal strain and major principle strain of all these three elements have 

no further increase after simulation time of 19 ms, which corresponds to the punch 

displacement of 30 mm. The values of &1 and &2 of the elements 117, 69 and 21 at 19ms 
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were recorded and were used as the reference points in the draw side of FLD. As 

mentioned earlier, elements No. 19, 20 and 21 in Figure 4.18, elements No. 21, 22 and 23 

in Figure 4.20 and elements No. 22, 23 and 24 in Figure 4.22 are used to illustrate the 

relative necking location in the different friction conditions for uniaxial tension test. It 

can be seen that the effect of friction condition on the necking location in the uniaxial 

tension test is insignificant compared to its effect in the biaxial tension test. In the 

uniaxial tension test, the necking location just moves down a little ( 1 or 2 elements 

distance) when the friction coefficient increases. It is in reasonable agreement with the 

observation (Duan et al., 2006) that the friction's effect on the necking location in the 

uniaxial tension is negligible. 

LS-DYNA USER INPUT 
Time= 25 

Figure 4.22: Location of the measuring elements in the uniaxial state with fc == 0.15 
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Uniaxial stretching test with fc=0.15 
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Figure 4.23: Minor and major strains of measuring elements in the uniaxial state with 

fc = 0.15 

4.3.3 Forming Limit at Plane Strain State 

Figure 4.24 shows the profile of the simulation model for plane strain stretching 

test. Figure 4.25 shows the necking area of blank under the plane strain stretching at the 

different friction conditions. 
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Figure 4.24: Simulation model for plane strain stretching test 
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Figure 4.25: Deformation of the sheet with the punch displacement of 40 mm 
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4.3.3.1 Friction condition with fc = 0.01 

In the plane strain stretching test with fc = 0.01, the necking area is shown in 

Figure 4.26. Three elements, namely, No. 50, 188 and 326, are chosen as the measuring 

elements. The minor and major strains of these elements are shown in Figure 4.27. It can 

be found that the minor principal strain and major principle strain of all these three 

elements have no further increase after simulation time of 21.5 ms, which corresponds to 

the punch displacement of 35 mm. The values of &1 and &2 of the elements 50, 188 and 

326 at 21.5 ms were recorded and were used as the reference points for the plane strain 

state of FLD. 

LS~OYNA USER INPUT 
Time= 25 

y 

~x 

Figure 4.26: Location of the measuring elements in the plane strain state with fc = 0.01 
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Figure 4.27: Minor and major strains of measuring elements in the plane strain state with 

fc = 0.01 

4.3.3.2 Friction condition with fc = 0.05 

In the plane strain stretching test with fc = 0.05, the necking area is shown in 

Figure 4.28. Three elements, namely, No. 59, 197 and 335, are chosen as the measuring 

elements. The minor and major strains of these elements are shown in Figure 4.29. It can 

be found that the minor principal strain and major principle strain of all these three 

elements have no further increase after simulation time of 23 ms, which corresponds to 

the punch displacement of 38 mm. The values of E1 and E2 of the elements 59, 197 and 
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335 at 23 ms were recorded and were used as the reference points for the plane strain 

state ofFLD. 

LS~OYNA OSER INPUT 
Time= 25 

y 

~x 

Figure 4.28: Location of the measuring elements in the plane strain state with fc == 0.05 
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Plane strain stretching test with fc=0.05 
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Figure 4.29: Minor and major strains of measuring elements in the plane strain state with 

fc = 0.05 

4.3.3.3 Friction condition with fc = 0.15 

In the plane strain stretching test with fc = 0.15, the necking area is shown in 

Figure 4.30. Three elements, namely, No. 115, 207 and 299, are chosen as the measuring 

elements. The minor and major strains of these elements are shown in Figure 4.31. It can 

be found that the minor principal strain and major principle strain of all these three 

elements have no further increase after simulation time of 23.5 ms, which corresponds to 

the punch displacement of 38.875 mm. The values of &1 and &2 of the elements 115, 207 
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and 299 at 23.5ms were recorded and were used as the reference points for the plane 

strain state of FLD. 

LS~OYNA OSER INPUT 
Time= 25 

Figure 4.30: Location of the measuring elements in the plane strain state with fc = 0.15 
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Plane strain stetching test with fc=0.15 
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Figure 4.31: Minor and major strains of measuring elements in the plane strain state with 

fc = 0.15 

4.3.4 FE Predicted FLD 

From the above simulations, 27 reference points at 9 different strain paths have 

been obtained. Based on these reference points corresponding to the unnecked elements 

closest to the necking area, the FLD of the AA 5182-0 has been predicted as shown in 

Figure 4.32. The predicted FLC in Figure 4.32 is a trendline fitting the reference points 

with a cubic polynomial. It can be seen that a remarkable agreement has been achieved 

between the predicted FLD with the experimental FLD by Wu et al. (2003). 
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Figure 4.32: Comparison between FEA predicted FLD with the experimental one for 

AA5182-0 

4.3.5 Uncertainty of Forming Limits 

A significant scatter of forming limits has been observed during the experimental 

process for determination of FLD (Jain & Allin, 1994; Janssens et al., 2001). The 

uncertainty of the experimental determination of a FLD is a complex problem as it is 

caused by many sources. The experimentally determined FLD largely depends on the 

experimental procedure used to obtain the forming limit curve. Typically, the uncertainty 

of the shape of the FLC is attributed to the variability of material properties, specimen 

geometry, boundary conditions like friction at the punch sheet interface, number of 
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samples used for the test, and so on (Van Minh et al., 1974; Jain & Allin, 1994; Janssens 

et al., 2001 ). Some other reasons for the uncertainty of experimentally determined FLD 

reported by Jain & Allin (1994) included the variability of specimen orientation, punch 

velocity and the subjective nature of FLD "line". Hotz (2004) comprehensively analyzed 

the influencing factors on the scatter of the forming limit. In addition to the factors 

mentioned above, Hotz also took the following factors into account for the experimental 

determination of FLD including the grid type and grid application method, measurement 

system and software used, criterion used for definition of forming limit and regression 

approach for producing the FLC. 

By summarizing all the potential sources for the uncertainty of the FLD, two 

categories are classified among these sources based on their intrinsic characteristics. 

• Objective uncertainty sources that can be quantified through objective 

measurements: material properties, thickness of specimen for certain strain 

path and friction conditions. 

• Subjective uncertainty sources that are affected by subjective decisions 

made by the experimenter: selection of specimen to obtain the different 

strain paths, selection of the measuring grids, number of strain paths, 

number of samples per strain path and method of producing the FLC. 

In the following sections, the influences of these uncertainty sources are 

investigated through the FE simulations. It has to be recognized that the FE simulation 

itself also involves many numerical uncertainties in terms of predicting the FLD. These 

uncertainties could include, but are not limited to, the mesh size, element type, material 
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hardening, yield criteria, contact algorithm and so on. Some of these numerical factors 

have been discussed on Section 4.2. However, in this part of study, our focus is to 

illustrate the experimental uncertainties numerically using finite element simulations. 

4.3.5.1 Influence of the objective uncertainty sources 

To determine the influence of objective sources of uncertainty, a simulation 

experiment is conducted. Seven objective parameters are considered including yield 

stress, hardening exponent, anisotropic parameters Ro, R4s and R9o, thickness of blank and 

friction coefficient between punch and blank. Three levels of each parameter are created 

by varying their nominal values over ±10%. In Table 4.4, "2" represents the nominal 

value of each parameter, "l" represents 10% less than the nominal value of each 

parameter and "3" represents 10% greater than the nominal value of each parameter. 

After conducting a series of finite element simulations, 225 limit strain points are 

obtained as shown in Figure 4.33. The 225 points are collected through measuring 3 

reference elements in 15 tests along 5 different strain paths, i.e., biaxial state with fc = 

0.01, fc = 0.05 and fc = 0.15, plane strain state with fc = 0.05 and uniaxial state with fc 

= 0.05. It can be seen that a large scatter of the forming limits appears at balanced biaxial 

state. The scatter of the forming limits in the uniaxial state is along the strain path and it 

has very small effect on the shape of FLC while the scatter of forming limit in the plane 

strain state along the strain path will greatly affect the FLDo value. These observations 
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are in good agreement with the experimental results of Janssens et al., (2001) and Hotz 

(2004). 

Figure 4.34 to Figure 4.41 show the effect of each objective parameter on the 

forming limit of AA 5182-0. It can be seen that the yield stress almost has no effect on 

the forming limit. Figure 4.35 shows that higher n will increase the level ofFLD, and this 

result is in good agreement with experimental observations (Graf & Hosford, 1990; Zhao 

et al., 1996; Rees, 2001). For the anisotropic parameters Ro, R4s and R90, it can be seen 

that R4s has very small effect on the forming limit compared with the effects of Ro and 

R9o· By comparing Figure 4.37 with Figure 4.38, we can find that Ro and R90 have the 

contrary effects on the shape of FLC. Usually just the average anisotropy parameter ii 

( ii = (Ro + 2R45 + ~o) I 4 ) is considered in industry. The effects of Ro and R9o on the 

forming limit counteract with each other and R45' s effect on the forming limit is 

negligible, so generally R's effect on the shape of FLD is not significant. From Figure 

4.39, higher forming limits are found for thicker sheet, especially at the right-hand side of 

FLD. This trend is consistent with the known improvement in formability attributed to 

thicker sheet material (Rees, 2001 ), even though the improvement is not significant in 

Figure 4.39 due to only a 10% difference of sheet thickness investigated in this study. 

Figure 4.40 shows that the friction coefficient has little influence on the shape of FLC. 

However, the friction coefficient does affect the strain path taken during the deformation, 

especially at the biaxial stretching strain state as shown in Figure 4.41. Friction makes 

material move away from the balanced biaxial state. The higher friction coefficient is, the 

closer strain path moves to the plane strain axis (Graf & Hosford, 1993). 
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Table 4.4: Layout of simulation with three levels of each parameter 

Test No. (J y n Ro R4s R9o Thickness Friction coefficient 

1 1 2 2 2 2 2 2 

2 3 2 2 2 2 2 2 

3 2 1 2 2 2 2 2 

4 2 3 2 2 2 2 2 

5 2 2 1 2 2 2 2 

6 2 2 3 2 2 2 2 

7 2 2 2 1 2 2 2 

8 2 2 2 3 2 2 2 

9 2 2 2 2 1 2 2 

10 2 2 2 2 3 2 2 

11 2 2 2 2 2 1 2 

12 2 2 2 2 2 3 2 

13 2 2 2 2 2 2 1 

14 2 2 2 2 2 2 3 

15 2 2 2 2 2 2 2 
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Figure 4.33: Reference limit strain points for FLD of AA5182-0 
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Figure 4.34: FLDs showing the effect of material yield stress 
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Figure 4.35: FLDs showing the effect of hardening exponent 
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Figure 4.36: FLDs showing the effect of R45 
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Figure 4.37: FLDs showing the effect of Ro 
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Figure 4.38: FLDs showing the effect of R9o 
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Figure 4.39: FLDs showing the effect of thickness 

FLO, AA5182..0 

c-----------------"-"'·+-r----------< --Friction coefficient=0.045 

- • · - - Friction coefficient=0.05 

- - - Friction coefficient=0.055 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 

Minor Strain 

Figure 4.40: FLDs showing the effect of friction coefficient 
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Figure 4.41: FLDs showing the strain paths obtained with different friction conditions 

4.3.5.2 Influence of the subjective uncertainty sources 

The following four subjective factors have been investigated to see their influence 

on the shape ofFLC for AA 5182-0. 

• Selection of measuring elements 

• Number of strain paths 

• Number of samples per strain path 

• Polynomial order used to fit the FLC 

98 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

(1) Selection of measuring elements 

As introduced in the foregoing section, totally 225 forming limit strain points 

along 5 strain paths with 3 measuring elements in each path are obtained by finite 

element analysis. For each measuring element, 15 different limit strain values are 

obtained corresponding to 15 test cases. By randomly picking part of these 225 limit 

strain points to form three sets of measuring element samples for the purpose of 

generating the FLD, it can be found that the different set of measuring element sample 

from the same big pool give the different results of forming limit curve as shown in 

Figure 4.42. 

FLO, AA5182-0 

~ 

-G'5-

~ 

~ ~ ~ / 

' ' ,. ?'· •• -· 
' -. .... 

----~-~-~~~ --.;:..---
~ 

- - - Random Set 1 of measuring element samples 
-9; 

· · · • · Random Set 2 of measuring element samples 

- Random Set 3 of measuring element samples 

" 
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 

Minor Strain 

Figure 4.42: FLDs for different set of measuring element samples 
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(2) Number of strain paths 

As discussed before, there are 5 strain paths used to analyze the uncertainty of 

forming limit in this study including 3 strain paths in biaxial state, 1 path in plane strain 

state and 1 path in uniaxial state. Figure 4.43 shows the effect of the number of strain 

paths on the shape of FLC. The curve representing "3 strain paths" is the curve using 1 

path in uniaxial state, 1 path in plane strain state and 1 path in biaxial state for producing 

the FLC. The curve representing "4 strain paths" is the curve using 1 path in uniaxial 

state, 1 path in plane strain state and 2 paths in biaxial state for producing the FLC. The 

curve representing "5 strain paths" is the curve using 1 path in uniaxial state, 1 path in 

plane strain state and 3 paths in biaxial state for producing the FLC. It can be seen that 

different number of strain paths used in biaxial state for producing the FLC does affect 

the shape of FLC in the right hand side of FLD. Three FLCs in Figure 4.43 suppose to be 

identical in the left hand side of FLD. However, due to the polynomial curve fitting used 

for generating the trendlines, the three FLCs in left hand side are slightly offset. 
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Figure 4.43: FLDs for different combinations of strain paths 

(3) Number of samples per strain path 

As discussed in the previous section, there are 15 test samples used in each strain 

path. From Figure 4.44, it can be seen that the predicted FLC based on one sample per 

strain path has certain different shape compared with the other predicted FLCs based on 5, 

10 or 15 samples per strain path. The number of samples per strain path has very little 

effect on the shape of FLC except the tail of FLC at the balanced biaxial state when the 

number of samples per strain path is greater than five. 
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Figure 4.44: FLDs for different number of samples used in each strain path 

(4) Polynomial order used to fit the FLC 

In our study, the trendline of the strain limit points is treated as FLC. Trendline 

used for the study of regression analysis is a graphic representation of trends in data 

series. Mathematically, several equations can be used to calculate the trendline, such as 

linear equation, polynomial equation, logarithmic equation, exponential equation and so 

on. In this study, the polynomial equation is used to calculate the trendline for the strain 

limit points, it calculates the least squares fit through the data points by using the 

polynomial equation. The different order polynomial equation used will give different 

shape of curve. It can be seen in Figure 4.45. 
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Figure 4.45: FLDs produced by different methods 

From Figure 4.42 to Figure 4.45, it can be seen that how to select the measuring 

elements and what order of the polynomial to fit the FLC are the two most significant 

subjective factors influencing the shape of FLC. More strain paths used in the biaxial 

stretching state give relatively higher forming limits in the right-hand side of the FLD. 

The subjective effect of number of samples per strain path on the shape of FLC can be 

negligible if more than five samples are used in each path. 
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4.3.6 FLD Considering Objective and Subjective Uncertainties 

As discussed in the above section, the significant scatter of forming limits is 

observed either in the experimentally determined FLD or in the finite element predicted 

FLD. Thus the forming limit of a sheet metal is more suitably represented by a forming 

limit band rather than a forming limit curve. By considering the objective and subjective 

uncertainties of forming limits, a FLD with the forming limit band for AA 5182-0 is 

presented here. 

In this research, five strain paths were used to study the effects of objective and 

subjective uncertainty sources on the shape of FLD. In each strain path, 15 samples are 

tested and the principal strains of 3 measuring elements are recorded as the reference 

points for predicting the FLD. Figure 4.46 shows 15 forming limit strain points of the 

measuring element No. 350 at the biaxial stretching state with fc = 0.01. The ellipse in 

the FLD represents the region covering all possible forming limit strains for Element 350 

with 99.9% confidence. The ellipse is produced using the software Mathematica by 

assuming minor strain and major strain following the multi-normal distribution. Figure 

4.47 and Figure 4.48 give the 99.9% confidence regions of forming limit strains for the 

other two measuring elements at the biaxial stretching state with fc = 0.01. By applying 

the same method, 99 .9% confidence regions of forming limit strains for 3 measuring 

elements at 5 different strain paths are obtained as shown in Figure 4.49 through Figure 

4.53. 
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Figure 4.46: 99.9% confidence region of forming limits for element 350 under biaxial 

stretching state with fc = 0.01 
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Figure 4.47: 99.9% confidence region of forming limits for element 374 under biaxial 

stretching state with fc = 0.01 
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Figure 4.48: 99.9% confidence region of forming limits for element 398 under biaxial 

stretching state with fc = 0.01 
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Figure 4.49: 99.9% confidence region of forming limits at biaxial stretching state with 

fc =0.0I 
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Figure 4.50: 99.9% confidence region of forming limits at biaxial stretching state with 
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Figure 4.51: 99.9% confidence region of forming limits at biaxial stretching state with 

fc = 0.15 
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Figure 4.52: 99.9% confidence region of forming limits at plane strain stretching state 

with fc = 0.05 
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Figure 4.53: 99.9% confidence region of forming limits at uniaxial tension state with 

fc =0.05 
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Figure 4.54: 99.9% confidence region of forming limit strains for AA 5182-0 

Based on all the above ellipses obtained, a forming limit band covering all the 

forming limit strains of AA 5182-0 with 99.9% confidence is presented as shown in 

Figure 4.54. From Figure 4.54, it can be seen that all the ellipses are apt to elongate along 

the specific strain paths than perpendicular to them at the different stretching states 

except the state closest to balanced biaxial stretching. Generally this observation is in 

good agreement with the experimental results of Van Minh et al. (1974). Basically the 

ellipse used in this study is to illustrate the scatter of the strain limits. The area and 

orientation of ellipse for the different strain paths is depending on the distribution of 

strain points. The ellipses coving the strain points at the biaxial state with fc = 0.01 (most 

close to the balanced biaxial state) are kind of different in terms of elongation direction. 

This is because the larger scatter of strain points is found in this strain path compared to 
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other strain paths. The ellipse is covering more area and oriented to fit all the strain points 

in. The observation of larger scatter of strain pints at balanced biaxial state can be 

supported by the experimental findings shown in Figure 12 for DC06 080 by Janssens et 

al., 2001. 

..0.3 ..0.2 ..0.1 

FLO, AA5182-0 

-Upper boundary of FE predicted FLB 

-Lower boundary of FE predicted FLB 

- - FLC used in Industry, 7% 10-r than the lowest 
bound a 

0 0.1 0.2 0.3 

Minor Strain 

Figure 4.55: Comparison ofFLDs of AA 5182-0 

0.4 

By comparing the FE predicted forming limit band with the experimentally 

derived FLC of AA5182-0 (dash line in Figure 4.55), which is usually 7% lower than the 

lowest boundary (private communications with Jain, 2005), it can be found that our 

proposed FLD will not only be able to reflect the inherent uncertainty of the forming 

limit strain, but also will help the designer not be forced into an overly conservative 

design. 
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Chapter 5 

Improving Reliability by the Taguchi 

Method 

There are many criteria for evaluating the reliability of a tube hydroforming 

process, however, the thickness of the hydroformed tube is a common concern in industry 

(Rama et al., 2003), and so the corresponding thickness-thinning ratio can be used as a 

measure of forming reliability. In the hydroforming process, the values of the forming 

parameters are known to have a certain scatter around their nominal values, so the results 

of the process depend on these uncertain parameters. In order to improve the reliability, a 

set of design parameters that yield predicted performance, i.e., the thinning ratio, to be as 

insensitive to variation in parameter levels as possible needs to be determined at the 

design stage. 

The Taguchi method, an experimental design method, is a proven tool for this 

task. It employs a set of orthogonal experimental design arrays to investigate the 
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influence of the forming parameters on the resulting thinning ratio. This knowledge then 

allows the optimal combination of parameters to be determined. In addition, by 

incorporating 'noise' parameters into the experiment, knowledge is gained on how the 

forming parameter levels affect not only the average value of thinning ratio, but also the 

variance of the thinning ratio. It is shown in this research that the reliability of the process 

can be improved both by modifying mean process output and by reducing process output 

variance. 

Finite element simulation is used to conduct virtual experiments according to 

designs developed with Taguchi orthogonal arrays. Results of the experiments are 

analyzed statistically following the Taguchi approach to determine output mean and 

variance sensitivity to input parameter values. A tube hydroforming process of expanding 

a circular tube into a square die is used to illustrate the proposed approach. 

5.1 Reliability Analysis Based on Thinning Ratio 

Similar to the stress-strength interference model in traditional reliability theory, a 

resulting thinning ratio-limit thinning ratio interference model is presented in this study. 

The term "resulting thinning ratio", denoted rtr, represents the critical thickness thinning 

ratio of the hydro formed tub~ and the term "limit thinning ratio", denoted !tr, represents 

the acceptable interval limits of the thinning ratio which is set by the tube product 

designers. 
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In this research, we assume the resulting thinning ratio obeys the normal 

distribution. The probability density function of the resulting thinning ratio fr1,(x) can 

then be expressed as: 

(5.1) 

where µ"' is the mean value of the resulting thinning ratio and a,,, is the standard 

deviation of the resulting thinning ratio. 

Usually the permissible thinning ratio for a specific part is given as tolerance 

interval limits, such as [ m - n/2, m + n/2], in industry (Hopperstad et al., 1999). So the 

limit thinning ratio can be defined as a random variable following the symmetric 

triangular distribution. Then probability density function of the limit thinning ratio f,,,(x) 

can be expressed as 

r-m+n) m-n~x~m 
(5.2) 

m<x~m+n 

where m is the mean value of the limit thinning ratio and n is the width of the limit 

thinning ratio. Figure 5.1 shows the resulting thinning ratio-limit thinning ratio 

interference model. An overlap existing between the two distributions means that failure 

may occur, with the area of the overlap representing the probability of failure. 

The failure state of the part is defined by the limit thinning ratio less than the 

resulting thinning ratio. So the failure probability, F, of the forming process can be 

calculated by 
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F = P(ltr-rtr < 0) = J!n,(x)f,1,(x)dx (5.3) 

The reliability of the process, R, is then given by 

R=l-F (5.4) 

When Eqs. (5.1) and (5.2) are substituted into Eq. (5.3), the failure probability of 

the process can be expressed as 

1 "" t
2 

where <P(x)= ~ [ exp(--)dt. 
-..;21' x 2 

Limit thinning ratio 

fi1r(x) 

Figure 5.1: Resulting thinning ratio-Limit thinning ratio interference model 
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5.2 Finite Element Simulation 

A typical hydroforming process, in which the tubular blank is expanded into a 

square die as shown in Figure 5.2, is used as the illustrative example in this Chapter. The 

material of the tube is assumed to be isotropic elastic-plastic steel obeying the power law 

stress-strain relationship, <Y = k&n . 

Due to symmetry, one-quarter of die and tubular blank was modeled for the 

simulation. The die was modeled as a rigid body with 2 rigid shell elements and the 

straight tube consisted of 256 solid elements. The master surface-slave surface contact 

algorithm was used in all simulations. Friction between the die and the outer surface of 

tube was taken into account. Figure 5.3 shows the finite element mesh and the effective 

strain contour after the forming operation. The finite element simulations were performed 

using the explicit FEM code H3DMAP. 
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Die 

Hydroformed Tube 

~~ Tubular Blank 

Figure 5.2: Schematic view of the tube hydroforming process 

Figure 5.3: Finite element mesh and effective strain contour 
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5.3 Taguchi Method 

Taguchi (1999) believed that the best opportunity to eliminate variation is during 

design of a product and its manufacturing process. He suggested that the design process 

should be seen as three stages, i.e., system design, parameter design and tolerance design. 

System design determines the general specifications, functions and physical envelope of 

the product. Parameter design determines levels of product and manufacturing process 

parameters that lead to these general specifications for the product. Finally, tolerance 

design selects manufacturing tolerance values for each of these parameters. The first two 

design stages offer the greatest opportunity to maximize product reliability and minimize 

costs, while the last stage is far less effective at achieving these goals. 

Parameter design typically uses designed experiments employing orthogonal 

arrays to study a large parameter space using only a small number of experiments. In the 

Taguchi approach, two sets of arrays are used in each experiment, the 'inner' array, in 

which the factors are the design parameters of the product or process, and the 'outer' 

array, in which the factors are the 'noise' factors the product or process is exposed to. 

Noise factors are those uncontrollable (or expensive to control) parameters that can affect 

process output. For example, in hydroforming, material properties will vary slightly from 

part to part. By including the variability of such factors in the experimental design, the 

sensitivity of the process output to such variability can be determined and minimized. In 

the context of this work, reduced output variability will lead to improved process 

reliability. 
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5.3.1 Choice of Quality Characteristic 

As discussed in a previous section, the tube wall thickness thinning ratio is used 

as a measure of reliability of the tube hydro forming process. Therefore, the thinning ratio 

can be chosen as the quality characteristic for minimization. The thinning ratio is defined 

by 

Thinning ratio(%) = 10 - 11 x I 00 
lo 

(5.6) 

where t0 is the original thickness of the tube as shown in Figure 5.2 and t1 is the 

minimum thickness of the hydroformed tube. 

Typically, the final size of the hydroformed tube is a product design parameter. 

This final size is determined from the 'bulge ratio' defined by 

Bulge ratio(%) = l x 100 (5.7) 
ro 

where r1 is the maximum radius of the hydroformed tube and r0 is the original radius of 

the tube as shown in Figure 5.2. In order to investigate the influence of the forming 

parameters on the thinning ratio, a specific bulge ratio is set for all the simulation cases. 

5.3.2 Construction of Orthogonal Arrays 

Three kinds of forming parameters influence the hydroformability, i.e., geometric 

parameters, material parameters and process parameters. Variations of these parameters 
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directly affect the forming quality. Two controllable forming parameters selected as the 

design parameters in this study are thickness of tube and the material grade. To evaluate 

these factors, three levels are chosen for each parameter as shown in Table 5.1. Different 

material grades lead to different yield strength values. Two uncontrollable parameters 

selected as the noise factors are the friction coefficient and the material hardening 

exponent. Two levels for each noise factor are considered, as shown in Table 5.2. The 

design parameters are allocated to the inner array using a Taguchi 'L9' orthogonal array 

(i.e., an array with 9 runs allowing three levels of each factor), and the noise factors are 

allocated to the outer array in a 'L4' orthogonal array (i.e., an array with 4 runs allowing 

two levels of each factor), as shown in Table 5.3. By combining both these arrays into an 

experimental design, 36 combinations of the forming and noise parameters are evaluated 

in separate experimental runs. 

Table 5 .1: Level of design parameters 

Designation Design parameters Level 1 Level 2 Level 3 

A Thickness of Tube (mm) 1.5 2 2.5 

B Yield Strength (MPa) 345 414 483 

Table 5.2: Level of noise factors 

Designation Noise factors 

C Friction coefficient 

D Hardening Exponent 

119 

Level 1 

0.9 

0.12 

Level2 

1.1 

0.14 
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Table 5.3 Orthogonal array, critical thinning ratios and SIN ratios 
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A B AxB AxB 
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5.4 Results and Discussion 

The virtual experiments were conducted usmg the finite element simulation 

according to the array in Table 5.3. The bulge ratio was set as 120% for all the forming 

cases so that the simulation stopped when the maximum radius of the hydroformed tube 

reached 1.2 times the original radius. The minimum tube thickness, leading to the critical 

thickness thinning ratio, occurred at the 45° comer position, as shown in Figure 5.2, in all 

the cases. The critical thinning ratio in each of the 36 experimental runs is given in Table 

5.3. 

5.4.1 Mean Value Analyses 

The resulting thinning ratio is assumed to follow the normal distribution, so the 

mean value of the response over different noise levels can be determined as the average 

value, that is 

1 n 

µrtr =-LY; 
n i=I 

(5.8) 

where n is the number of the trial conditions, y; is the value of the corresponding critical 

thinning ratio. The mean values of thinning ratio at each run of inner array are shown in 

Table 5.3. 

The mean values of the thinning ratio for each design parameter at levels 1 to 3 

are shown in Table 5.4. Thinning ratio values are plotted in Figure 5.4 for noise factor 
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values Ni to N4, along with the mean response value at each factor level and the total 

average for all experimental runs. The large difference in response for different noise 

factor values when design parameter B (i.e., material yield strength) is at level 3 shows 

that a strong interaction exists between these factors. Thus, selection of suitable values of 

the design parameters can reduce the sensitivity of the process output to noise factors. 

0 18 .. 
CIS 17 it: 
Cl) 

.5 16 
c 
.5 15 .c .... 
c 
CIS 

14 
CD 
:E 13 
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• N4 c 
15 .c .... 
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Level of factor B 

Figure 5.4: Mean values of thinning ratio for each design parameter 
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Table 5.4: Design parameters' effects on mean values 

Average value of thinning ratio(%) 

A (Thickness of tube) B (Yield strength) 

- Level Nl N2 N4 Level average Nl N2 N3 N4 N w 
1 13.58 13.64 13.61 13.58 14.72 14.36 14.42 

2 16.77 17.16 16.89 14.70 14.31 

3 15.23 15.82 15.48 16.16 

Note: Total average value of the thinning ratio is 15.32%. 

Level average 
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5.4.2 Variance Analysis 

The variance of the thinning ratio is approximated as 

2 1 """" 2 a,.,,. =--I .LJ(Y; - µ,.,,.) 
n-

(5.9) 

The standard deviation of thinning ratio is then the square root of the variance. The value 

at each run of the inner array is shown in Table 5.3. 

The standard deviations of the responses of the thinning ratio for each design 

parameter levels 1 to 3 are shown in Table 5.5 and are plotted in Figure 5.5. Figure 5.5 

shows that the process variance is minimized by setting Factor A to level 1 and Factor B 

to level 1 or 2. If this is practical, selecting these levels will minimize process variation 

and improve robustness to changes in the noise factor levels. 

Table 5.5: Design parameters' effects on standard deviation 

Level 

1 

2 

3 

Standard deviation of thinning ratio (%) 

A (Thickness of tube) B (Yield strength) 

0.1313 0.2390 

0.6890 

0.6787 

0.2397 

1.0203 

Note: Total average standard deviation of the thinning ratio is 0.4997% 
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Figure 5.5: Standard deviation of thinning ratio for each design parameter 

5.4.3 SIN Analyses 

The Taguchi method uses the signal-to-noise (SIN) ratio instead of the average 

response value to analyze the quality characteristic because the SIN ratio can reflect 

changes in both the average and variation of the quality characteristic. The thinning ratio 

quality characteristic used in this study is to be minimized, thus the "lower is better" 

mean square deviation should be used. 

The SIN ratios of the thinning ratio in the 9 trial conditions of inner array are 

shown in Table 5.3. The average SIN ratio of the thinning ratio for each design parameter 

at levels 1 to 3 are shown in Table 5.6 and plotted in Figure 5.6. 
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Table 5.6: Design parameters' effects on SIN ratio 

A (Thickness of tube) 

B (Yield strength) 

Level 1 

-22.6512 

-23.1853 

Average SIN ratio 

Level 2 

-24.5057 

-23.1879 

Note: Total average SIN ratio is -23.6311 

Level3 

-23.7754 

-24.5592 

-22.50 .,...-------------------, 

.2 -23.00 
1! 
z -23.50 
(i) 

~ -24.00 
l!! 
~ -24.50 

<C 

A1 A2 A3 
Level 

81 82 83 

Figure 5.6: SIN ratio graph for the thinning ratio 

From Table 5.6 and Figure 5.6, it can be concluded that A lBl is the optimal 

combination of the design parameters for the minimization of the thinning ratio. This 

conclusion is consistent with the results obtained on the analyses of the mean value and 

standard deviation of the thinning ratio. It confirms that SIN ratio analyses of Taguchi 

method can optimize the lower-is-better quality characteristic not only by minimizing the 

average value, but also by minimizing the variation. 
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5.4.4 ANOV A Analyses 

Analysis of variance (ANOV A) is used to quantitatively investigate the effects of 

the parameters on the quality characteristic. It uses the sum of squares to partition the 

overall variation from the average SIN ratio into the contribution by each of the 

parameters and the error. The percentage contribution by each parameter in the total sum 

of the squared deviations can be used to evaluate the importance of the parameters 

change on the process performance. 

The results of an ANOVA for the thinning ratio are shown in Table 5.7. The tube 

thickness is the most significant parameter influencing the thinning ratio. The effect of 

the yield strength is relatively smaller than that of thickness. The interaction of thickness 

and yield strength exists but is mild. This is also seen in interaction plot shown in Figure 

5.7. The three curves are mostly, but not exactly, parallel with each other indicating some 

interaction between the factor levels. 

Table 5.7: Analysis of variance for thinning ratio 

DOF Sum of squares Contribution 

A (Thickness of tube) 2 5.24 53.42% 

B (Yield strength) 2 3.77 38.44% 

AxB 4 0.80 8.14% 

Total 8 9.80 100% 
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Figure 5.7: Interaction analysis of parameters A and B 

5.4.5 Improvement of Reliability 

The example hydroforming case was assumed to start with the two design 

parameters, tube thickness and yield strength, having nominal values of 2 mm and 414 

MPa, respectively. From Table 5.3, at this initial condition, the mean value of the 

resulting thinning ratio would be 15.58% and the standard deviation would be 0.3568% 

(Run #5). The Taguchi SIN analysis showed that an improved combination of the design 

parameters was a thickness of 1.5 mm and strength of 345 MPa, i.e. factor levels A lBl. 

This combination improves both the mean thinning ratio to 13.18% and the standard 

deviation to 0.09% (Run #1). 

The acceptable thinning ratio for the tube hydroforming process discussed in this 

research is set as the interval limits [15.5%, 16.5%]. A triangular distribution is used to 

describe the limit thinning ratio, as shown in Figure 5.8, the mean value of the limit 

thinning ratio is 16% and the width is 0.5%. 
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Figure 5.8: Reliability of the process with the initial and optimal forming parameters 

According to Eqs. (5.4) and (5.5), the initial reliability of the tube hydroforming 

process would be 42.19%. The dashed line in Figure 5.8 shows the distribution of the 

thinning ratio after applying Taguchi SIN optimization. Not only has the thinning ratio 

distribution shifted substantially away from the maximum acceptable thinning ratio, but 

also the variance due to noise factors has decreased significantly. The reliability of the 

process now approaches 100%, and is less likely to be affected by normal process 

variation than in the base case. 
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Chapter 6 

Multi-objective Optimization Based on 

Taguchi Method 

Problems related to the improvement of product quality and production efficiency 

can always be associated with optimization procedures. The Taguchi method can 

optimize quality characteristics through the setting of design parameters, and can reduce 

the sensitivity of the system performance to sources of variation (Yang & Tamg, 1998; 

Huh et al., 2003; Anastasiou, 2002). But, if more than one quality characteristic is 

simultaneously considered for the same process, the Taguchi Method may not give a 

unique optimal combination of parameters, especially when these quality characteristics 

compete with each other. Attempting to optimize more than one objective makes the 

optimization problem a multi-objective one (Shabeer & Wang, 2000). 

Mathematically, there are many methods to solve the multi-objective problem. 

Objectives usually conflict, so that the conditions leading to an optimal value of one 
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objective gives non-optimal values of the others. Under such circumstances, a state (i.e., a 

particular realization of problem parameter values) is preferred to another state if at least 

one objective is improved while none of the other objectives are worsened. If a state is 

found such that no other state is preferred in this way, it has the quality of being Pareto 

optimal. A given problem may have many Pareto optimal solutions, the collection of 

which forms the Pareto set, or Pareto front, of the problem. 

Common multi-objective solution methods are the weighted sum method, the &

constraint method and the goal attainment method. The weighted sum method has a 

deficiency in that the Pareto optimal set is not available on non-convex portions in the 

criterion space. A difficulty of the &-constraint method is to select a suitable & to ensure a 

feasible solution, and a further disadvantage of this approach is that the use of hard 

constraints is rarely adequate for expressing true design objectives. The goal attainment 

method provides a convenient intuitive interpretation of the design problem which is 

solvable using standard optimization procedures, and there is always at least one Pareto 

optimal solution, also called the non-dominated solution, which balances the objectives in 

a unique and optimal way (Marler & Arora, 2003). In this chapter, a multi-objective 

optimization approach is proposed by integrating the classical mathematical optimization 

method with the Taguchi method, and the optimization problem is solved by the goal 

attainment method. 

A free bulging tube hydroforming process is a common test case in the research 

on tube hydroformability because it has many forming parameters involved in affecting 

its hydroformability. The objective of the free bulging process is to get a high bulge ratio 
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while no necking failure happens. Obtaining an optimal combination of the forming 

parameters for satisfying these objectives is discussed in the following sections. 

6.1 Methodology 

The objective here is to investigate the influence of forming parameters on 

hydroformability to improve the hydroformed tube quality. The basic steps for achieving 

the above target are shown in Figure 6.1. First, the quality characteristics and the forming 

parameters are selected, and the appropriate orthogonal array is constructed. Finite 

element simulations are performed based on the arrangement of the orthogonal array, and 

the results are then transformed into Taguchi signal-to-noise (SIN) ratios. Statistical 

analysis of variance (ANOVA) is performed to see which parameters are significant. 

After eliminating the insignificant parameters, the remaining significant parameters are 

analyzed to obtain more information of their effects on the quality characteristics. 

Empirical models are then built through regression of the significant parameters, and the 

multi-objective optimization is performed to maximize these SIN ratios. Finally, a 

confirmation experiment is conducted to verify the optimal parameter levels selected. 
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. Conduct the finite element analysis . Obtain the regression . Decide the quality for each experiment function between the SIN 
characteristics . Study the effect of the parameters ratio and the significant 

• Select the design on the performance parameters 

parameters • Eliminate the insignificant design . Multi-objective . Design the ~ parameters ~ optimization for 

orthogonal array . Design the new layout only including maximizing the S/N ratio 

the significant parameters • Confirm the optimal 

• Conduct the finite element analysis design 

Layout of experiments FEM as an experimental tool Multi-objective optimization 

I j_ 1 
Taguchi Method 

Figure 6.1: Multi-objective optimization using Taguchi Method 

6.2 Free Bulging Tube Hydroforming Process 

6.2.1 FEM Simulation 

Finite element simulation is used as a numerical experimental tool. The 

hydroforming process of free bulging used in Chapter 3 is employed again as an example 

in this study (See Figure 3.3). Table 6.1 shows the nominal values of the process 

parameters, geometries of the tube and tooling, and the material properties of the tubular 

blank for the finite element simulation. The explicit FEM code H3DMAP is used for the 

analysis of the tube hydro forming process of free bulging. 
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Table 6.1: Parameters used in the FEM simulation 

Material parameters Value 

Density p (kg/m3
) 7850 

Young's Modulus E (GPa) 205 

Hardening coefficient K (MPa) 537 

Hardening exponent n 0.227 

Poisson's ratio v 0.3 

Yield strength O"y (MPa) 240 

Ultimate tensile strength O"u (MPa) 350 

Geometry parameters 

Length of tube Lo (mm) 

Outer radius of tube ro (mm) 

Thickness of tube to (mm) 

Die entry radius re (mm) 

Bulge width W (mm) 

Process parameters 

200 

30 

1.5 

10 

100 

Internal pressure P1(MPa) 40 

Nominal stress ratio m 0.4 

Friction coefficientµ (Coulomb) 0.06 
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6.2.2 Decision of Quality Characteristics and Objective 

Function 

In the free bulging tube hydroforming process, the primary objective is to get the 

bulge ratio as high as possible without any failure happening. Among the three main 

failure modes involved in tube hydroforming, bursting failure is irrevocable while other 

failure modes like buckling and wrinkling are recoverable. Bursting is a consequence of 

necking, which causes fracture eventually. Although there are many different proposed 

criteria for predicting fracture in metal forming processes, there is no clearly preferred 

approach. Therefore, the commonly used thinning ratio criteria is used here as a measure 

of forming quality. 

The thinning ratio as well as the bulge ratio is selected as the quality 

characteristics. The thinning ratio is defined as 

t -t 
Thinning ratio(%) = -0

--
1 x 100 

to 

(6.1) 

where t0 is the original thickness of the tube as shown in Figure 3.3, 11 is the critical 

thickness of the hydroformed tube. The bulge ratio is defined as 

. r, 
Bulge ratio(%) = ix 100 

(6.2) 

ro 

where 'i is the maximum radius of the hydroformed tube and r0 is the original radius of 

the tube as shown in Figure 3.3. 
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Two objective functions are chosen for this process. One is to obtain the 

minimum value of the thinning ratio, and the other is to obtain the maximum value of the 

bulge ratio. 

6.2.3 Selection of Parameters and Construction of Orthogonal 

Array 

Generally, there are three categories of parameters influencing hydroformability, 

i.e., geometry parameters, material parameters and process parameters Table 6.1). The 

eight forming parameters to be evaluated are shown in Table 6.2. To evaluate these 

factors, three levels are chosen for each. For eight factors with three levels for each, the 

experimental layout of a Lis orthogonal array is selected according to Taguchi's 

suggestion. Table 6.3 shows the Lis orthogonal array in which the eighteen runs are 

carried out to investigate the effects of the eight factors. 

Table 6.2: Level of forming parameters 

Designation Forming parameters Level 1 Level 2 Level3 

A Length of the tube (mm) 180 200 220 

B Thickness of Tube (mm) 1.35 1.5 1.65 

c Die entry radius (mm) 8 10 12 

D Bulge width (mm) 90 100 110 

E Hardening Exponent 0.207 0.227 0.247 

F Internal Pressure (MPa) 36 40 44 

G Nominal Stress Ratio 0.2 0.4 0.6 

H Friction coefficient (Coulomb) 0.02 0.06 0.1 
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Table 6.3: Taguchi's L18 orthogonal array 

Run Forming Parameters 

No. A B c D E F G H 

1 1 1 1 1 1 1 1 1 

2 1 1 2 2 2 2 2 2 

3 1 1 3 3 3 3 3 3 

4 1 2 1 1 2 2 3 3 

5 1 2 2 2 3 3 1 1 

6 1 2 3 3 1 1 2 2 

7 1 3 1 2 1 3 2 3 

8 1 3 2 3 2 1 3 1 

9 1 3 3 1 3 2 1 2 

10 2 1 1 3 3 2 2 1 

11 2 1 2 1 1 3 3 2 

12 2 1 3 2 2 1 1 3 

13 2 2 1 2 3 1 3 2 

14 2 2 2 3 1 2 1 3 

15 2 2 3 1 2 3 1 3 

16 2 3 1 3 2 3 2 1 

17 2 3 2 1 3 1 2 3 

18 2 3 3 2 1 2 3 1 

137 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

6.3 Results and Discussion 

6.3.1 Effects of Forming Parameters on Hydroformability 

Two different quality characteristics are analyzed by using the SIN and ANOV A 

analyses based on the results of the FEM simulation corresponding to the above 

orthogonal array. 

6.3.1.1 SIN Analyses 

In the Taguchi Method, the signal-to-noise (SIN) ratio is used to measure the 

quality characteristic deviation from the desired value. Thinning ratio is a quality 

characteristic with the objective "the lower the better". Bulge ratio is a quality 

characteristic with the objective "the higher the better". After conducting the FEM 

simulations and applying the SIN ratio calculation according to Eq. (2.4), the results of 

the bugle ratio and its SIN ratio in the 18 trial conditions are shown in Table 6.4. The 

average SIN ratio of the bulge ratio for each parameter at levels 1 to 3 are shown in Table 

6.5 and plotted in Figure 6.2. Table 6.6 shows the FEM results of the thinning ratio and 

its SIN ratio calculated according to Eq. (2.3) in the 18 trial conditions. The average SIN 

ratio of the thinning ratio for each parameter at levels 1 to 3 are shown in Table 6. 7 and 

plotted in Figure 6.3. 
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Table 6.4: Bulge ratio values and its SIN ratio 

Run No. Bulge ratio SIN ratio 

1 1.448 3.215 

2 1.982 5.942 

3 1.923 5.679 

4 1.596 4.060 

5 2.029 6.145 

6 1.449 3.221 

7 1.691 4.564 

8 1.439 3.162 

9 1.590 4.030 

10 1.678 4.498 

11 1.719 4.704 

12 1.640 4.297 

13 1.498 3.510 

14 1.639 4.293 

15 1.853 5.358 

16 1.744 4.828 

17 1.492 3.473 

18 1.597 4.065 
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Table 6.5: Average SIN ratio of the bulge ratio for each parameter 

Designation Forming parameters 
Average SIN ratio 

Level 1 Level2 Level 3 

A Length of the tube 4.446 4.336 

B Thickness of Tube 4.723 4.431 4.020 

c Die entry radius 4.113 4.620 4.442 

D Bulge width 4.140 4.754 4.280 

E Hardening Exponent 4.010 4.608 4.556 

F Internal Pressure 3.480 4.481 5.213 

G Nominal Stress Ratio 4.556 4.421 4.197 

H Friction coefficient 4.319 3.568 5.287 
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Figure 6.2: Average effect diagram of forming parameter on the bulge ratio 
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Table 6.6: Thinning ratio values and its SIN ratio 

Run No. Thinning ratio SIN ratio 

1 0.284 10.934 

2 0.497 6.067 

3 0.477 6.436 

4 0.407 7.815 

5 0.559 5.047 

6 0.304 10.343 

7 0.483 6.315 

8 0.315 10.025 

9 0.429 7.358 

10 0.386 8.268 

11 0.423 7.480 

12 0.385 8.298 

13 0.345 9.252 

14 0.417 7.604 

15 0.530 5.514 

16 0.493 6.149 

17 0.384 8.313 

18 0.416 7.618 
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Table 6.7: Average SIN ratio of the thinning ratio for each parameter 

Designation Forming parameters 
Average SIN ratio 

Level 1 Level 2 Level 3 

A Length of the tube 7.815 7.611 

B Thickness of Tube 7.914 7.596 7.630 

c Die entry radius 8.122 7.423 7.594 

D Bulge width 7.902 7.100 8.137 

E Hardening Exponent 8.382 7.311 7.446 

F Internal Pressure 9.527 7.455 6.157 

G Nominal Stress Ratio 7.459 7.576 8.104 

H Friction coefficient 8.007 6.750 8.383 
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Figure 6.3: Average effect diagram of forming parameter on the thinning ratio 
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6.3.1.2 ANOV A Analyses 

In order to investigate the effects of the forming parameters quantitatively, 

analysis of variance (ANOV A) is carried out. The results of ANOV A for the bulge ratio 

and thinning ratio are shown in Table 6.8 and Table 6.9. From Table 6.8, it can be seen 

that the significant parameters influencing the bulge ratio are internal pressure, friction 

coefficient and hardening exponent. The effect of length, thickness, die entry radius, 

bulge width, and nominal stress ratio are relatively small compared to that of internal 

pressure, friction coefficient and hardening exponent. These results are in good 

agreement with the results reported in the literature (Manabe & Amino, 2002; Ko<; & 

Altan, 2002). Table 6.9 shows the internal pressure is the most significant forming 

parameter affecting the thinning ratio, the friction coefficient is the next most significant 

parameter and the hardening exponent is the third one. 

The forming parameters except internal pressure, friction coefficient and 

hardening exponent do not contribute much to the hydro formability, so they are 

eliminated from the optimization of the tube hydroforming process as discussed in the 

next section. 
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Table 6.8: Analysis of variance for bulge ratio 

Parameters Degree of freedom Sum of squares 

Length of the tube 1 0.055 

Thickness of tube 2 0.747 

Die entry radius 2 0.398 

Bulge width 2 0.621 

Hardening exponent 2 0.658 

Internal pressure 2 4.543 

Nominal stress ratio 2 0.198 

Friction coefficient 2 4.458 

Error 2 2.978 

Total 17 14.654 

Table 6.9: Analysis of variance for thinning ratio 

Parameters Degree of freedom Sum of squares 

Length of the tube 1 0.188 

Thickness of tube 2 0.183 

Die entry radius 2 0.797 

Bulge width 2 1.777 

Hardening exponent 2 2.042 

Internal pressure 2 17.341 

Nominal stress ratio 2 0.709 

Friction coefficient 2 4.387 

Error 2 19.482 

Total 17 46.907 
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6.3.2 Multi-objective Optimization of Tube Hydroforming 

Process 

After eliminating the insignificant forming parameters, the analyses of SIN ratio 

are conducted again with only the significant parameters, i.e., internal pressure, fiction 

coefficient and hardening exponent. 

The same three levels of the internal pressure, fiction coefficient and hardening 

exponent as shown in Table 6.2 are chosen. A full factorial array is selected for the three 

factors with three levels, as shown in Table 6.10. Table 6.11 shows the FEM results of 

the bugle ratio calculated according to Eq. (6.2) and its SIN ratio calculated according to 

Eq. (2.4) in the 27 trial conditions, and Table 6.12 shows the FEM results of the thinning 

ratio calculated according to Eq. (6.1) and its SIN ratio calculated according to Eq. (2.3). 

These tables show that increased internal pressure, increased friction coefficient and 

increased hardening exponent each give higher bulge ratios, along with higher thinning 

ratios. 

As mentioned earlier, the objectives of this study are to minimize the thinning 

ratio and maximize the bulge ratio. These two objectives conflict in the free bulge 

process since higher bulge ratio is highly correlated with higher thinning ratio, and vice 

versa. However, the use of the Taguchi SIN ratio assists in discriminating better quality 

characteristics, so the objectives in this study can be converted to simultaneously 

maximize the SIN ratio of bulge ratio and thinning ratio. 
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Table 6.10: A full factorial array for three parameters with three levels 

Run No. 
Internal pressure Friction coefficient Hardening exponent 

(A) (B) (C) 

1 1 1 1 

2 1 1 2 

3 1 1 3 

4 1 2 1 

5 1 2 2 

6 1 2 3 

7 1 3 1 

8 1 3 2 

9 1 3 3 

10 2 1 1 

11 2 1 2 

12 2 1 3 

13 2 2 1 

14 2 2 2 

15 2 2 3 

16 2 3 1 

17 2 3 2 

18 2 3 3 

19 3 1 1 

20 3 1 2 

21 3 1 3 

22 3 2 1 

23 3 2 2 

24 3 2 3 

25 3 3 1 

26 3 3 2 

27 3 3 3 
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Table 6.11: Bulge ratio and its SIN ratio 

Run Internal pressure Friction coefficient Hardening 
Bulge ratio SIN ratio 

No. (MPa) (A) (Coulomb) (B) exponent ( C) 

1 36 0.02 0.207 1.391 2.868 

2 36 0.02 0.227 1.412 2.999 

3 36 0.02 0.247 1.436 3.144 

4 36 0.06 0.207 1.389 2.854 

5 36 0.06 0.227 1.419 3.038 

6 36 0.06 0.247 1.440 3.165 

7 36 0.1 0.207 1.407 2.965 

8 36 0.1 0.227 1.424 3.070 

9 36 0.1 0.247 1.438 3.155 

10 40 0.02 0.207 1.561 3.867 

11 40 0.02 0.227 1.591 4.036 

12 40 0.02 0.247 1.619 4.185 

13 40 0.06 0.207 1.578 3.960 

14 40 0.06 0.227 1.603 4.100 

15 40 0.06 0.247 1.629 4.241 

16 40 0.1 0.207 1.612 4.148 

17 40 0.1 0.227 1.638 4.286 

18 40 0.1 0.247 1.676 4.485 

19 44 0.02 0.207 1.724 4.728 

20 44 0.02 0.227 1.767 4.945 

21 44 0.02 0.247 1.785 5.035 

22 44 0.06 0.207 1.744 4.831 

23 44 0.06 0.227 1.787 5.043 

24 44 0.06 0.247 1.810 5.151 

25 44 0.1 0.207 1.802 5.116 

26 44 0.1 0.227 1.831 5.255 

27 44 0.1 0.247 1.857 5.374 
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Table 6.12: Thinning ratio and its SIN ratio 

Run Internal pressure Friction coefficient Hardening Thinning 
SIN ratio 

No. (MPa) {A') (Coulomb} (B') exponent (C') ratio 

1 36 0.02 0.207 0.279 11.078 

2 36 0.02 0.227 0.297 10.535 

3 36 0.02 0.247 0.308 10.229 

4 36 0.06 0.207 0.283 10.954 

5 36 0.06 0.227 0.303 10.381 

6 36 0.06 0.247 0.315 10.025 

7 36 0.1 0.207 0.300 10.458 

8 36 0.1 0.227 0.311 10.135 

9 36 0.1 0.247 0.319 9.915 

IO 40 0.02 0.207 0.383 8.344 

11 40 0.02 0.227 0.399 7.973 

12 40 0.02 0.247 0.413 7.688 

13 40 0.06 0.207 0.397 8.017 

14 40 0.06 0.227 0.411 7.730 

15 40 0.06 0.247 0.423 7.466 

16 40 0.1 0.207 0.421 7.521 

17 40 0.1 0.227 0.433 7.264 

18 40 0.1 0.247 0.451 6.910 

19 44 0.02 0.207 0.461 6.732 

20 44 0.02 0.227 0.479 6.399 

21 44 0.02 0.247 0.487 6.255 

22 44 0.06 0.207 0.475 6.460 

23 44 0.06 0.227 0.493 6.137 

24 44 0.06 0.247 0.502 5.986 

25 44 0.1 0.207 0.505 5.940 

26 44 0.1 0.227 0.516 5.747 

27 44 0.1 0.247 0.525 5.591 
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Regression analyses are performed on the data in Table 6.11 and Table 6.12 to get 

the relationship of the SIN ratios of bulge ratio and thinning ratio with the forming 

parameters. The regression equations of SIN ratio of bulge ratio ((SIN) BR) and SIN ratio 

of thinning ratio ((SI N)rn) are given in Eqs. (6.3) and (6.4). 

(SI N)sR = -6.71+0.22A'+0.83B'+6.91C'+0.12A' B'-69.9B'C' (6.3) 

+ 0.03A' C'+ 1.45A' B' C'' 

(SI N)rR = 46.5 - 0.85A'-66.32B'-77.33C'+ l.18A' B'+328.02B' C' (6.4) 

+ l.48A' C'-6.95A' B' C' 

Although enough degrees of freedom are available in the data to estimate the 

main second order effect terms (i.e., A'2 
, B'2

, C'2 
• • • ), the coefficients of these terms are 

found to be not statistically significantly different from zero. The objective function for 

the optimization can now be formulated as follows: 

Max: [
(SIN) BR] 
(SI N)rn 

Subject to : 36 ~Internal pressure~ 44 

0.02 ~ Friction coefficient ~ 0.1 

0.207 ~ Hardening exponent ~ 0.24 7 

(6.5) 

The solution to the above objective function will lead to a combination of minimum 

thinning ratio together with a maximum bulge ratio, which is a Pareto optimal. 

The goal attainment method (Gembicki, 1974) is used to solve the above multi-

objective optimization problem. Applying the method to Eq. (6.5) transforms it to 

following formulation: 
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Min: r 
Subject to : (SI NhR + w1y ~ (SI N):R 

(SI N)TR +w2r ~(SI N)~R 
36 :::;; Internal pressure :::;; 44 

0.02 :::;; Friction coefficient :::;; 0.1 

0.207:::;; Hardening exponent:::;; 0.247 

(6.6) 

where r is a an unrestricted scalar, (SI N)~R is the maximum SIN ratio of bulge ratio in 

Table 6.11, (SI N)?R is the maximum SIN ratio of thinning ratio on Table 6.12, 

[(SI N):R,(S I N)~R] is the goal of the set of objectives [(SI NhR,(S I N)TR], the 

weighting vector [w1, w2 ] controls the relative degree of under- or over-achievement of 

the goals. In this study, the weighting vector w is made equal to the goal, so that the same 

percentage under- or over-attainment of the goals is achieved (Gembicki, 1974). Solution 

of Eq. (6.6) gives the optimal combination of internal pressure, friction coefficient and 

hardening exponent as shown in Table 6.13, along with the estimated SIN ratios of bulge 

ratio (SI N)~R and thinning ratio (SI N)°ra. From the Table 6.11, Table 6.12 and Table 6.13, 

it can be seen that this Pareto optimal combination of the forming parameters comes as 

trade-off between the two objectives. 

Table 6.13: Optimal combination of parameters and estimated SIN ratio 

Internal Pressure 
(MPa) 

Friction coefficient 
(Coulomb) 

Hardening 
exponent 

(SI N)~R (SI N)~R 

40.65 0.02 0.207 3.985 8.214 
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6.3.3 Confirmation Experiments 

Confirmation is carried out at the optimal setting of the significant forming 

parameters while keeping the remaining parameters at the nominal values. The 

comparison between the optimal case and the nominal case is shown in Table 6.14. It can 

be found that the bulge ratio is increased from 1.580 to 1.587 and the thinning ratio is 

decreased from 0.393 to 0.383. As mentioned before, the objectives of this study are to 

minimize the thinning ratio and maximize the bulge ratio. It shows both bulge ratio and 

thinning ratio are improved by applying the optimal setting of the forming parameters 

determined by the approach presented in this study. Table 6.14 shows a higher internal 

pressure, a lower friction coefficient and a smaller hardening exponent are obtained in the 

optimal case. As shown in Table 6.11 and Table 6.12, for a free bulge hydroforming 

process, a higher internal pressure will usually give a higher bulge ratio and a higher 

thinning ratio (more thinning in thickness), while a lower friction coefficient and a 

smaller hardening exponent which means the material is less ductile, will usually give a 

lower bulge ratio and a lower thinning ratio (less thinning in thickness). It confirms that 

the optimal combination of forming parameters in Table 6.14 is a trade-off between the 

two objectives. 

Table 6.14: Comparison between the optimal case and nominal case 

Internal Pressure Friction coefficient Hardening Bulge Thinning 
(MPa) (Coulomb) exponent ratio ratio 

Optimal case 40.65 0.02 0.207 1.587 0.383 

Nominal case 40 0.06 0.227 1.580 0.393 
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6.3.4 Pareto Set 

As discussed before, ifthere are many Pareto optimal solutions for a given multi

objective optimization problem, the collection of these Pareto optimal solutions will form 

the Pareto set of this problem. In the above example, the weighting vector was set equal 

to the goal, and a Pareto optimal combination of internal pressure, friction coefficient and 

hardening exponent was obtained and the improvement of the bulge ratio as well as the 

thinning ratio was confirmed. By varying the values of weights w1 and w2, a series of 

Pareto optimal combinations of internal pressure, friction coefficient and hardening 

exponent can be obtained. These Pareto optimal combinations of internal pressure, 

friction coefficient and hardening exponent will form the Pareto set for the given free 

bulging tube hydroforming process. By choosing a series of values between 0 and 1 as 

the weight wi, the weight w2 is found as being equal to one minus w1• Based on these 

different weight vectors, a series of corresponding Pareto optimal solutions are obtained 

by solving the Eq. (6.6) using the goal attainment method. A series of corresponding 

bulge ratios and thinning ratios according to the different combination of internal 

pressure, friction coefficient and hardening exponent are obtained by the finite element 

analyses. The resulting Pareto optimal set is plotted in Figure 6.4. 
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Figure 6.4: Pareto optimal combinations of thinning ratio and bulge ratio 

The curve in Figure 6.4 is the Pareto optimal front of the combination of thinning 

ratio and bulge ratio for this free bulge hydroforming process. All possible combinations 

of the thinning ratio and bulge ratio are located on or below the Pareto front. If a specific 

bulge ratio is required for this process, the obtainable optimal thinning ratio will be the 

projected point of this bulge ratio from this Pareto optimal front. Conversely, if a given 

thinning ratio is deemed acceptable, the Pareto optimal front gives the maximum bulge 

ratio achievable. 
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Chapter 7 

Conclusions 

The principal objective of this dissertation is to provide effective tools for 

engineers to design a reliable and robust metal forming process before any tooling is 

constructed. Chapter 3 presented the study of reliability analysis of metal forming process 

based on forming limit diagram. Chapter 4 presented the study of prediction of forming 

limit diagram using finite element simulation and the uncertainty of forming limit is 

analyzed. A study of improving the reliability of metal forming process using a robust 

design method is presented in Chapter 5. Chapter 6 investigated the effects of forming 

parameters on the quality performance of process based on the Taguchi method and a 

multi-objective optimization for a tube hydroforming process is studied based on the 

Taguchi method. This chapter summarizes the results of the research, draws conclusions 

and offers some recommendations for the future research works. 
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7.1 Summary of Conclusions 

Based on the research results detailed in Chapter 3-6. The following conclusions 

have been drawn for this research: 

(1) Traditional reliability theory can be applied to the task of evaluating metal 

forming process quality and used to predict the probability of part failure during forming 

process. The forming limit, which is widely used for evaluating the formability of 

materials, can be used as the failure criteria for reliability analysis of metal forming 

process. By considering the inherent scatter of forming limit, a probability distribution 

such as the normal distribution can be used to evaluate the failure probability of a 

forming process. 

(2) Two improvements have been made on the reliability analysis of the metal 

forming operation based on the forming limit diagram as compared to the previous study 

conducted by Kleiber et al. (2002). First, the limit strain is defined as the distance from 

the origin to certain strain point along a particular strain path, such definition is 

conformable with the statistical experimental observation that the strain points tend to 

spread more along the particular strain path than perpendicular to the estimated curve 

(Van Minh et al., 1974). Second, the forming limit band offsetting the forming limit 

curve with the same upper and lower percentage is used to present the uncertainty of the 

strain limits, such presentation reflects the actual practice better than the marginal zone 

below the FLC as the FLC constructed from the experimental results usually represent 

the average strain limit of a material (Janssens et al., 2001). 
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(3) The uncertainty sources which cause the scatter of forming limits are 

classified into two categories based on their intrinsic characteristics including the 

objective uncertainty sources and the subjective uncertainty sources. The effects of these 

objective and subjective uncertainty sources on the shape and location of FLC are 

investigated respectively using the finite element simulation. The resultant effects of 

these uncertainty sources on FLD from the FE simulations are in reasonable agreement 

with the experimental findings reported in the literature. Use of the FE predicted FLD 

considering both objective and subjective uncertainty sources is more time and cost 

effective when generating FLDs for new materials as compared to the current 

experimental approach. 

(4) The Taguchi method is used as a systematic approach to design a robust metal 

forming process in this research. A major benefit of the Taguchi method is that not only 

does it determine levels of controllable factors that improve mean reliability performance, 

but it also determines levels of controllable factors that minimize variation of the process 

output as the uncontrollable factors vary. Another benefit of the Taguchi approach is that 

it determines the relative contribution of each factor to process reliability. This allows 

design efforts to be concentrated on the most sensitive factors. 

(5) A new method of optimizing the forming parameters for metal forming 

processes is presented based on the finite element analysis and the Taguchi method. The 

significant forming parameters affecting the formability are identified by performing the 

experiments designed according to the Taguchi orthogonal array. By eliminating the 
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insignificant parameters from the optimization of the forming parameters, it results in 

significant saving of computational time. 

(6) Optimization of conflicting objectives for a forming process is achieved by 

converting the conflicting objectives to simultaneously maximize the Taguchi SIN ratios 

of the conflicting objectives in this research. An example of maximizing the bulge ratio 

and minimizing the thinning ratio for a given free bulge tube hydroforming process is 

used to illustrate the method. The results show that this approach is very effective. 

7 .2 Contributions 

There are five Journal/Conference papers based on this research have been 

accepted for publication. Each chapter from Chapter 3 to chapter 6 has one paper 

associated with it. A paper based on the study of Chapter 3 entitled "Reliability Analysis 

of the Tube Hydroforming Process Based on Forming Limit Diagram" has been 

published at the ASME Journal of Pressure Vessel Technology. A paper partially based 

on the study of Chapter 4 entitled "Prediction of Forming Limit Diagrams for Aluminum 

Alloy Sheet Using Finite Element Analysis" has been presented at 2006 ASME Pressure 

Vessels and Piping Conference. A paper based on the study of Chapter 5 entitled 

"Improving the Reliability of Tube Hydroforming Process by the Taguchi Method" has 

been published at the ASME Journal of Pressure Vessel Technology. A paper based on 

the study of Chapter 6 entitled "Multi-objective Optimization of Forming Parameters for 

Tube Hydroforming Process Based on the Taguchi Method" has been published at the 

157 



Ph.D. Thesis - B. Li McMaster - Mechanical Engineering 

International Journal of Advanced Manufacturing Technology. A paper based on the 

study of Appendix A entitled "Reliability Analysis of the Tube Hydroforming Process 

Using Fuzzy Sets Theory" has been presented at 2004 ASME Pressure Vessels and 

Piping Conference. 

7.3 Recommendations for Future Work 

The methodologies proposed in this research have significant potential to be 

extended and some improvements of this research can also be made in future works. 

(1) In this research, two failure criteria are used to evaluate the reliability of metal 

forming process, one is forming limit of material and another is stress-strength 

interference model. In industry, the fracture of deformed part is a common concern for 

forming quality. In most fracture criteria for a ductile material, there is a critical limit 

value which is usually treated as a material constant. Actually this critical value has 

certain scatter and it should be treated as a random variable. Doing so would allow the 

fracture criteria to be used as the failure criteria for reliability analysis of metal forming 

processes. 

(2) A study of prediction of FLD using finite element simulation is presented in 

this research. Some objective and subjective uncertainty sources have been investigated 

to see their effects on the forming limit. These uncertainty sources can be extended in the 

future to cover all the potential factors such as hardening rule, yield criteria, finite 

element code and so on. 
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(3) In the appendix of this research, the stress of deformed part is treated as a 

fuzzy variable due to the incomplete and vague statistical information of its relative 

parameters. The membership function of fuzzy stress is obtained by using fuzzy linear 

regression method. An alternative method, i.e. neural network, can be considered in the 

future to obtain statistical information on the stress. The relationship between the stress of 

a deformed part and its relative parameters can be obtained by training a neural network 

with the sample data obtained from finite element simulation. 
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Appendix A 

Fuzzy Reliability Analysis of Metal 

Forming Process 

An approach for the reliability analysis of the tube hydrofonning process is 

proposed in this study, where the fuzzy linear regression method is used in cooperation 

with the finite element method. The finite element method is used as a numerical 

experiment tool to obtain a series of stress values, and then the fuzzy regression function 

of the stress is obtained by the fuzzy linear regression method. The regression 

coefficients of the obtained regression function for the stress are defined as triangular 

fuzzy numbers in this study, so the stress will be a triangular fuzzy number when its 

relative parameters are given in the nominal values. Similar with the stress-strength 

interference model in classical reliability theory, the fuzzy stress-random strength 

interference model is proposed in this study. A normal distribution is used to approximate 
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the probability distribution of the material strength of the hydroformed tube, and its stress 

follows the triangular distribution, so the fuzzy reliability of the hydro formed tube can be 

evaluated. A tube hydroforming process for free bulging used in Chapter 3 is employed 

to illustrate the proposed approach. 

A.1 Literature Review on Fuzzy Sets 

A.1.1 Fuzzy Sets Theory 

The traditional attitude toward uncertainty was seriously challenged by various 

developments in 20th century, such as the appearance of statistical mechanics and 

Heisenberg's uncertainty principle in quantum mechanics. While uncertainty became 

recognized as useful in statistical mechanics, it was for long time assumed that 

probability theory is the only way to deal with uncertainty and that uncertainty is fully 

captured by probability theory alone. 

When probability theory can not satisfactorily deal with some special uncertainty 

such as subjective uncertainty, an important idea emerged in the second half of the 20th 

century, i.e., the idea of fuzzy sets, introduced by Zadeh (1965). 

Fuzzy sets are defined on any given universal set of concern by functions 

analogous to characteristic functions of classical sets. These functions are called 

membership functions. A fuzzy set is characterized by a membership function mapping 
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the elements of a domain, space or universe of discourse X to the unit interval (0, 1] 

(Zadeh, 1965). That is 

A:X ~(0,1] (Al) 

Many researchers have contributed to the development of foundations of fuzzy 

sets theory, but perhaps the most important role in its development, not only in its 

founding, was played by Zadeh. His selected papers on the period 1965-95 are well 

documented by two volumes edited by Yager et al. (1987) and K.lir and Yuan (1995). 

A.1.2 Fuzzy Numbers 

In general, a fuzzy number is a fuzzy subset in R which is both "normal" and 

"convex". Normality implies that 

(A.2) 

Convex means that an a -cut which is parallel to the horizontal axis 

(A.3) 

yields the property that 

(A.4) 

The most widely used fuzzy number is the triangular fuzzy number (Kaufmann & 

Gupta, 1988). The membership function of a triangular fuzzy number A (a, c) is defined 

by 
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(A.5) 
a-c::;z::;a+c 

others 

where a is the center value of the fuzzy number A and c (c>O) is the width of the fuzzy 

number A (See Figure A.I). 

The triangular fuzzy number A (a, c) has the following linear character 

{
CD 
® 

kA(a,c) = A(ka,kc), k > 0 

A1(apc1)+A2 (a 2 ,c2 ) = A(a1 +a2 ,c1 +c2 ) 

µ 

1 

a z 

Figure A.1: Triangular Fuzzy Number 

A.1.3 Fuzzy Regression 

(A.6) 

After Zadeh introduced fuzzy logic theory, many fuzzy methods analogous to 

statistical methods have been proposed for use in reliability, forecasting, linear regression 

and other areas. 
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Regression analysis is one of the most used statistical tools by engineers and 

scientists. In contrast to the ordinary regression that is based on probability theory, fuzzy 

regression is based on possibility theory (Dubois and Prade, 1988) and fuzzy sets theory 

(Zadeh, 1965). In fuzzy regression analysis, the deviations between observed values and 

estimated values are assumed to be due to the fuzziness of the model structure (Tanaka et 

al., 1982). 

Generally, there are two main directions in fuzzy regression model development, 

fuzzy linear regression (FLR) and fuzzy least-squares regression (FLSR). The first 

direction includes the original FLR model proposed by Tanaka et al. (1982) and its 

variations such as the models in Tanaka (1987), Tanaka and Ishibuchi (1991), Peters 

(1994), Kim and Bishu (1998). The FLSR was firstly introduced by Celmins (1987) and 

Diamond (1988). Along the same line, there are several variations such as the ones in 

Savic and Pedrycz (1991), Chang and Lee (1996) and Tanaka and Lee (1997). 

Between these two directions, FLR has been criticized significantly, especially in 

the original formulation of Tanaka et al. (1982). Savic and Pedrycz (1991) noted that not 

all data points are allowed to influence the estimated parameters in FLR. Furthermore, 

the model is sensitive to data outliers and prediction intervals become wider as more data 

are collected (Redden and Woodall, 1994, 1996). The original FLR with the objective 

function of minimizing the sum of parameter widths may yield some crisp parameter 

estimates (Celmins, 1987) and it is scale dependent (Jozsef, 1992). On the other hand, 

FLSR has had very few criticisms because of its similarity to traditional least-squares 

regression. However, the introduction of fuzzy parameters' modal values using 
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conventional linear regression causes FLSR to be sensitive to outliers. Furthermore, 

FLSR should be used only when enough data are available. This results in losing one of 

the advantages of fuzzy regression in dealing with data insufficiency. 

Fuzzy regression theory is still developing. The most applied fuzzy regression 

method in practice is the fuzzy linear regression method proposed by Tanaka (1987) (see 

Kim and Bishu, 1996; Soliman et al., 1998; Ip et al., 2003 etc). 

In classical linear regression analysis, the deviations between real values of a 

function and estimated values are caused by the observation errors, or by the specification 

errors. According to Tanaka (1982), these deviations between the real values and the 

computed values depend on the fuzziness of the system structure, or in other words, the 

fuzziness of the system parameters. It is reflected in a fuzzy linear regression model that 

the regression coefficients of the regression function are fuzzy numbers. 

When the relationship between the dependent variable Y and independent 

variables X is not linear but complicated, a method, so-called compound multiple linear 

regression analysis, can be used to solve the problem (Hu & Zhu, 1990). Let 

U = [upuz, .. ·,un,un+I ' .. ·,Uzn] 

=[xi' .. ·,xn,x~ ,···,x~] 

(A.7) 

Similar to the classical linear regression method, a fuzzy linear regression is given by 

(A.8) 

In fuzzy linear regression, the regression coefficient Aj is a fuzzy number. If Aj is 

defined as a triangular fuzzy number Aj (aj, cj), then they in Eq. (A.8) is a triangular 

number and its membership function is as follows 
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1-ly, -~a,x,I 
LC1X1; 

j 

0 

(A.9) 

others 

The most suitable fuzzy linear function for the given data is the one in which the 

sum of the fuzzy width, denoted by J =I er Ix; I, is minimized. The degree of fitting, H, 

which ranges between 0 and 1, is an index that denotes the minimum value of the degree 

of fitting of the fuzzy linear regression model to the all samples. So the problem has 

turned to finding the fuzzy coefficients A1 (j=0, ... ,2n) which are the solution of the 

following linear programming problem 

Min J= I;cTlx;I (A.IO) 

Subject to I;a1u11 -(l-H}I;c1lu1;l::;;y; 
j j 

La1u1; +(l-H}Lc1lu1;I ;;::y; 
j j 

c >O i=l··· p 1·=01··· 2n 
j - ' ' ' ' ' ' 

This fuzzy linear regression method will be used in this research to obtain the 

regression function between the stress and its relative parameters. 

A.1.4 Uncertainty and Fuzzy Sets in Reliability 

When studying the reliability of a given system, the problem of partial 

information on the behavior of its components and uncertain character of the environment 

in which it operates are always encountered. Up to now, probability theory has been and 

is nowadays the main tool to analyze uncertainty associated with all type of problems, 
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both systems modeling and failure theory. This is not surprising since the theory of 

probability has been a science since the 19th century, while other uncertainty theories, 

such as fuzzy sets or credibility theory (Biihlmann, 1967), have not appeared until the 

1960's. 

The main reasons to use fuzzy sets in reliability as a subset were explained by 

Zimmermann (1983). If problems are vague or diffuse by nature, the relations, the 

restrictions, the objects and the general system model must be fuzzy. Normally, the data 

we have for problem resolution are inaccurate, even more inaccurate if the observations 

are subjective. Although problems could be accurate, sometimes it is too costly or 

complex to obtain the exact solution, either analytically or numerically, and therefore, it 

is simpler to use the approximate and fuzzy solution. 

To calculate the reliability of systems, many factors may be used, some of them 

are measurable quantitatively, and others are only qualitatively through experts' 

judgments. For this, fuzzy sets theory is a very useful tool to analyze those systems 

because it can treat two types of information, randomness and fuzziness, appropriately 

(Zadeh, 1971). 

The utilization of fuzzy sets in failure analysis was first introduced by Kaufman 

(1975). Now that fuzzy sets theory has taken root in this area, there are many research 

topics such as fuzzy diagnostics (Mazumdar, 1988; Roberts & Samuel 1996); fuzzy 

mechanical reliability (Tang, 1998; Li, 2000; Harris, 2001), fuzzy software reliability 

(Bastani, 1985; Ebert, 1993; Cai, 1996); fuzzy human reliability (Onisawa, 1988, 1990); 
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fuzzy safety analysis (Karwowski & Mital, 1986; Misa & Weber, 1990; McCauley-Bell 

& Badiru, 1996) and fuzzy quality (Ebert, 1993; Cen, 1996). 

A.2 Fuzzy Reliability Analysis 

Similar to the stress-strength interference model, we present the fuzzy stress-

random strength interference model here. The stress is modeled as a fuzzy variable with 

given membership function µs(x), and the strength is modeled as a random variable with 

given distribution function f 6 (x). An overlap will exist between the curves where failure 

may occur due to the probability of strength ~ being less than stress S. Figure A.2 

shows the region of "unreliability". 

Strength 

f,s(x) 

Figure A.2: Fuzzy stress-random strength interference model 
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The failure state of the structure, defined by 8 < S , is a fuzzy event, so according 

to the definition of the Zadeh's fuzzy probability (Zadeh, 1968), the failure probability of 

the structure is calculated by the following function 

(A.11) 

The fuzzy reliability is then given as 

(A.12) 

In this research, the stress is defined as a triangular fuzzy number, so the 

membership function of fuzzy stress S will be 

(A.13) 
m-n5.x5.m+n 

otherwise 

where m is the center value of the fuzzy stress S and n is the width of S . 

When the distribution of the strength follows a normal distribution, its probability 

density function can be defined by 

(A.14) 

where µ 0 is the mean value of the strength 8 and the a 0 is the standard deviation of 8. 

Generally, as to the mean value and standard derivation of the strength, we have 

(A.15) 

(A.16) 

where in this application c;u is the ultimate tensile strength of the specimen of the tube 

material, k1 is the manufacturing coefficient, k1 is the differential coefficient (Kutz, 2002). 
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When Eqs. (A.13) and (A.I4) are substituted into Eq. (A.I I), the fuzzy failure 

probability of the structure can be described as 

(A.I 7) 

where <f>(x) = ~ ["' exp(-~)dt. According to Eq. (A.I2), the fuzzy reliability R can be 
...;21i " 2 

obtained as 

- -R=I-F (A.I8) 

A.3 Application 

A.3.1 Finite Element Simulation 

The same example as discussed in Chapter 3 is used here, which is a tube 

hydrofonning process of free bulging of a straight tube with applying the internal 

pressure and axial force simultaneously. The FE simulation has been described in Section 

3.3.1. The schematic view of the process is shown in Figure 3.3 and the material 

properties are listed in Table 3.I. The same method is applied to investigate the different 

forming parameters as listed in Table 3.4 for their effects on the hydrofonnability in 
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terms of critical resulting stress by varying the value of each parameter over a range of± 

10% from the nominal value while keeping the remaining parameters constant. A series 

of stress values are obtained using FE simulation, the results are shown in Table A. l. All 

the denotation of the parameters shown in this table is same as described in Section 3.3.2. 

The critical stress in each run appeared at the same element, 3630. 
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Table A.1: The critical stress and its relative parameters 

Run 
Von Mises stress 

No. Lo to re w n P1 m µ K of element 3630 
(MPa) 

1 200 1.5 10 100 0.227 40 0.4 0.06 537 473.26 
2 180 1.5 10 100 0.227 40 0.4 0.06 537 490.31 
3 190 1.5 10 100 0.227 40 0.4 0.06 537 486.68 
4 210 1.5 10 100 0.227 40 0.4 0.06 537 474.44 
5 220 1.5 10 100 0.227 40 0.4 0.06 537 454.39 
6 200 1.35 10 100 0.227 40 0.4 0.06 537 476.41 
7 200 1.425 10 100 0.227 40 0.4 0.06 537 474.37 
8 200 1.575 10 100 0.227 40 0.4 0.06 537 468.60 
9 200 1.65 10 100 0.227 40 0.4 0.06 537 462.05 
10 200 1.5 9 100 0.227 40 0.4 0.06 537 465.20 
11 200 1.5 9.5 100 0.227 40 0.4 0.06 537 467.16 
12 200 1.5 10.5 100 0.227 40 0.4 0.06 537 470.00 
13 200 1.5 11 100 0.227 40 0.4 0.06 537 471.72 
14 200 1.5 10 90 0.227 40 0.4 0.06 537 456.84 
15 200 1.5 10 95 0.227 40 0.4 0.06 537 460.15 
16 200 1.5 10 105 0.227 40 0.4 0.06 537 479.93 
17 200 1.5 10 110 0.227 40 0.4 0.06 537 489.36 
18 200 1.5 10 100 0.2043 40 0.4 0.06 537 472.45 
19 200 1.5 10 100 0.2157 40 0.4 0.06 537 472.60 
20 200 1.5 10 100 0.2384 40 0.4 0.06 537 471.13 
21 200 1.5 10 100 0.2497 40 0.4 0.06 537 469.57 
22 200 1.5 10 100 0.227 36 0.4 0.06 537 441.59 
23 200 1.5 10 100 0.227 38 0.4 0.06 537 454.21 
24 200 1.5 10 100 0.227 42 0.4 0.06 537 480.44 
25 200 1.5 10 100 0.227 44 0.4 0.06 537 494.69 
26 200 1.5 10 100 0.227 40 0.36 0.06 537 472.36 
27 200 1.5 10 100 0.227 40 0.38 0.06 537 472.68 
28 200 1.5 10 100 0.227 40 0.42 0.06 537 472.26 
29 200 1.5 10 100 0.227 40 0.44 0.06 537 472.37 
30 200 1.5 10 100 0.227 40 0.4 0.054 537 471.34 
31 200 1.5 10 100 0.227 40 0.4 0.057 537 472.36 
32 200 1.5 10 100 0.227 40 0.4 0.063 537 472.93 
33 200 1.5 10 100 0.227 40 0.4 0.066 537 472.76 
34 200 1.5 10 100 0.227 40 0.4 0.06 483.3 437.65 
35 200 1.5 10 100 0.227 40 0.4 0.06 510.15 456.28 
36 200 1.5 10 100 0.227 40 0.4 0.06 563.85 486.09 
37 200 1.5 10 100 0.227 40 0.4 0.06 590.7 499.36 
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A.3.2 Fuzzy Linear Regression Analysis for Fuzzy Stress 

As discussed in the foregoing section, the stress is dependent on several relative 

parameters. In this study, the relative parameters set for the tube stress are selected as 

(A.19) 

where Lo is length of tube; ro is outer radius of tube; to is thickness of tube; re is die entry 

radius; Wis bulge width; n is Hardening exponent; P1 is internal pressure; m is nominal 

stress ratio; µ is friction coefficient; and K is hardening coefficient. 

The critical stress values and its relative parameters, as shown in Table A.1 are 

used as the data samples for the fuzzy linear regression analysis. According to Eq. (A.7), 

U is defined by 

(A.20) 

and according to the fuzzy linear regression method, the fuzzy stress of the hydroformed 

tube can be described as the following formula 

~=~+~~+~~+~~+~W+~n+~~+~m+~µ+~K+ (A.20) 

A10L~ + A11t~ + A12r.2 + A13W
2 + A14n

2 + A15P) + A16m2 + A11 µ 2 + A18K
2

] 

when the nominal values of the L0 , t0 , re, W, n, P1 , m, µ and Kare substituted into the 

above equation, the center value, width and membership function of the fuzzy stress can 

be obtained. 

Applying the fuzzy linear regression method, following Tanaka (1987), the fuzzy 

threshold H was set equal to 0.5, the regression coefficients corresponding to the fuzzy 
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stress regression function of the Element 3630 is shown in Table A.2. With reference to 

Table A.2, the fuzzy stress of the Element 3630 can be expressed as follows 

S3630 = (-1621.1215,0) + (-2.8297,0.00004)L0 + (365.0624,0)10 + (92.9981,0)re (A.21) 

+ (l .2574,0.00002)W + (1097.076,0)n + (32.0594,0.0000 l)P1 

+ (-51.7423,0)m + (633.0315,0)µ + (1.9993,0.00009)K + (0.005,0)L~ 

+(-137.0164,0)t; + (-4.4911,0.00009)re2 + (0.0022,0)W 2 

+(-2556.6814,0)n2 +(-0.318,0)Pj +(62.1779,0))m2 

+ (-4328.0402,0)µ 2 + (-0.0013,0.00009)K 2
] 

the estimated fuzzy stress value of 8 3630 can be obtained when the nominal values of each 

relative parameter are given, i.e., 8 3630 =(482.1221,27.2978) MPa, and then the 

membership function of 8 3630 is 

A-1 
0 

1 

3 

3 

4 

5 

6 

7 

8 

9 

µ- (x) = 
.!3630 

1 _lx- 482
.
1221

1 454.8243 ~ x ~ 509.4199 
27.2978 

0 otherwise 

Table A.2: The regression coefficients of the fuzzy stress 

l!i_ 0_ A-1 a1 

-1621.1215 0.00000 10 0.0050 

-2.8297 0.00004 11 -137.0164 

365.0624 0.00000 12 -4.4911 

92.9981 0.00000 13 0.0022 

1.2574 0.00002 14 -2556.6814 

1097.0760 0.00000 15 -0.3180 

32.0594 0.00001 16 62.1779 

-51.7423 0.00000 17 -4328.0402 

633.0315 0.00000 18 -0.0013 

1.9993 0.00009 
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A.3.3 Fuzzy Reliability of Tube Hydroforming Process 

The material strength of the tube is assumed to follow a normal distribution. We 

let k1=0.90 and k2=0.05 in Eq. (A.15) and Eq. (A.16). As shown in Table 3.1, the tube 

material ultimate tensile strength is equal to 350 MPa, then the mean value and the 

standard deviation of the strength of the tube can be calculated, i.e., µ5 = 315 MP a and <Y 5 

=15.75 MPa. According to the Eq. (A.17) and Eq. (A.18), the fuzzy reliability of the 

Element 3630 of the hydroformed tube, which is the critical element in this example, is 

close to 0.0%. In this particular example, the prediction shows this tube hydroforming 

process will fail with the probability close to 100%. 

A.4 Discussion and Conclusions 

When the statistical information of the stress for reliability analysis of tube 

hydroforming process is not available or completed, fuzzy linear regression method 

provide an effective alternative to obtain the relationship between the stress and its 

relative forming parameters. 

For the same tube hydro forming process, two different reliability analysis 

methods are presented in Chapter 3 and in this appendix based on strain and stress, 

respectively. From the calculated results, it can be found that this postulated 

hydroforming process has a high failure probability, 41.15% failure based on strain limit 

and almost 100% failure based on von Mises stress. The method presented in Chapter 3 

gives more reasonable and practical prediction of the failure probability. The predicted 
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failure probability in this appendix is based on the stress-strength interference model, this 

model generally does not expect that the resultant mean stress will be over the material 

mean ultimate strength. However, as we know, the ductile material true strain will keep 

increasing after reaching the ultimate stress point where the necking occurs until the 

fracture happens. The reliability analysis method presented in this appendix based on the 

fuzzy stress-random strength interference model is applicable for metal forming process 

only when the deformed part stress is less than the material ultimate strength. The 

reliability analysis method presented in Chapter 3 based on forming limit diagram is 

more suitable for the metal forming process which is mostly dealing with ductile material. 

Usually, the non-zero width of the regression coefficient for certain parameter 

shows that the dependent variable is sensitive to the variation of this parameter. For the 

example given in this study, it can be found from Eq. (A.21) that the following 

parameters have the non-zero width of the regression coefficient: Lo (length of tube); W 

(bulge width); P1 (internal pressure); K (hardening coefficient); r/ (related to die entry 

radius) and K2 (related to hardening coefficient). It means that these parameters (Lo, W, Pfi 

Kand re) have more effects on the fuzzy stress than the other parameters. From Figure 

3.7 in Chapter 3 for the forming parameters effects on the bulge ratio, it can be found that 

the similar set of parameters (Lo, W, P1 and K) have significant effects on the bulge ratio. 

The fuzzy linear regression method presented in this study to obtain the fuzzy stress not 

only can give out the relationship between the stress and its related parameters, but also 

can provide the sensitivity information through the value of the width of each regression 

coefficient. 
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