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Abstract 

In order to effectively and efficiently hydroform new automotive components, the 

formability of new tubular steels must be evaluated. Standard forming limit diagrams 

have been used for decades to evaluate and predict the formability of sheet steel formed 

along linear strain paths. However, tube hydroforming can present a problem since the 

pre-bending stage used in many hydroforming operations causes multiple non-linear 

strain paths.  

 This thesis has modified a formability test method that deforms small-scale sheet 

steel samples in a single plane. The sample geometries were designed such that the strain 

paths achieved at the center of the samples were very near the plane strain condition. The 

four steels chosen for this study were: a deep drawing quality (DDQ), a high strength low 

alloy (HSLA) and two dual phase steels (DP600 and DP780). The plane strain 

formability for each of the four steels was tested in both the rolling and transverse 

directions.  

 Three objective criteria were employed to evaluate and directly compare the 

formability of the four steels tested: difference in strain, difference in strain rate and local 

necking. The DDQ steel showed the highest formability followed in order by the HSLA, 

DP600 and DP780 steels. The repeatability in determining the forming limit strains using 

the difference in strain, the difference in strain rate and the local necking criteria for a 

95% confidence interval was ± 1.5%, ± 1.2% and ± 3.2% engineering strain, respectively.  

 The forming limit data collected for this thesis has been compared to results from 

full-scale tube hydroforming operations and free expansion tube burst tests carried out by 
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researchers at the University of Waterloo on the same four materials. It was found that 

local necking results could be used to predict failure of hydroformed HSLA steel tubes 

with low levels of end-feed. However, this same method could only predict the failure of 

hydroformed DP600 steel tubes at higher levels of end-feed. The three objective criteria 

were not found to be suitable for predicting failure of free expansion tube burst tests. 
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Chapter 1 

Introduction 

The automotive industry of the 21
st
 century demands the use of cutting edge materials 

and manufacturing technology. The need for lightweight high strength materials increases 

as automotive manufacturers are driven to continually produce superior automobiles that 

have improved performance, higher fuel economy, and improved safety. This need 

continues to drive the vehicles’ material selection process.  Improvements in the design 

of a vehicle’s chassis in particular are now being realized through the use of new 

materials and manufacturing processes. There is a shift from conventional low strength 

steel (LSS) and high strength steel (HSS) to advanced high strength steel (AHSS), also 

referred to as ultra high strength steel.  

AHSS offer significant advantages over LSS and HSS since adequate part 

strength can now be achieved using thinner gauge material, thus resulting in components 

that are lighter [1,3]. There is one drawback, however; AHSSs have lower formability 

compared to LSSs and some HSSs. It is well known that as materials increase in strength 

their formability typically decreases. Figure 1.1 illustrates the elongation versus strength 

for various automotive grade steels. The graph shows a decrease in material elongation 
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with increased strength. Though elongation is not a complete measure of formability, the 

graph in Figure 1.1 demonstrates the formability trend for each of the materials shown.  

New manufacturing methods such as tube bending and hydroforming are now 

being used to produce commercial vehicles. These processes allow for part consolidation 

and part reduction over conventional methods such as stamping, press forming and 

welding of multiple components. Hydroforming, in particular, provides an endless 

opportunity to achieve multiple cross-sectional shapes in a single tube. A single tube can 

be pre-bent and subsequently hydroformed to create an entire component assembly 

instead of welding many smaller sheet metal sections together. Less welding typically 

means improved component strength as well.  

In order to take full advantage of new manufacturing operations such as 

hydroforming, it is necessary to determine the forming limits of the material. The use of 

computer simulations to predict material behavior has helped to decrease manufacturing 

lead time significantly. However, there is still a need to validate these models with 

experimental testing. Currently, material formability is characterized by maximum 

allowable strains on a forming limit diagram (FLD). However, these conventional FLDs 

do not represent the multiple strain paths that result for manufacturing operations that 

pre-bend and subsequently hydroform a tube. Pre-strain in the material from the bending 

step limits the formability that can be achieved in the hydroforming step. Producing full 

scale prototype parts is far too costly and time consuming, thus new methods are required 

to predict critical single and multi-path forming limits. 
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1.1 Research Objectives 

There are four main objectives of this thesis. The first is to refine a small-scale flat sheet 

testing procedure based on work by Valletta [2], to evaluate the plane strain forming 

limits of four automotive grade sheet steels using in-plane tensile deformation. The four 

steels chosen were: a LSS – deep drawing quality (DDQ) steel, a HSS – high strength 

low alloy (HSLA) steel, and two AHSSs – dual phase (DP) steels, DP600 and DP780. 

The testing methodology will be refined to minimize the experimental error. The small-

scale test samples will be approximately 85 mm x 50 mm, with a custom notch profile to 

produce strain paths at the center of the test specimen very close to plane strain. The 

plane strain strain path is of particular interest because it represents the strain path which 

produces the minimum forming limit strain on an FLD. For this method, an array of dots 

will be applied to undeformed sheet samples to track deformation throughout testing. 

Images will be captured throughout the deformation tests using a high resolution digital 

camera, post-processed and analyzed to determine the material forming limits.  

The second objective is to create a method for comparing the measured forming 

limit strains of different sheet materials that is repeatable and has minimal error. This 

method will attempt to remove all subjectiveness involved with the determination of 

material forming limits. It will use three criteria to compare forming limits between 

different materials: a difference in strain criterion, a difference in strain rate criterion and 

a local necking criterion.  
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The third objective is to identify the critical strain paths associated with full-scale 

experimental simulations of an automotive tube bending and hydroforming operation 

being completed at the University of Waterloo with the same automotive grade steels as 

used herein. Once these paths are known, an attempt will be made to perform either 

single or multi-path forming limit testing using small-scale sheet samples. This testing 

will attempt to replicate the strain paths produced in the full-scale tube hydroforming 

tests. These small-scale strain results will then be compared to strain results from the full-

scale tube bending and hydroforming operation.  

The fourth objective is to compare the measured plane strain forming limit results 

from the four automotive grade sheet steels tested to plane strain results obtained by 

researchers at the University of Waterloo based on free expansion tube burst tests using 

the same automotive grade steels. This thesis will determine whether plane strain forming 

limit results from small-scale sheet samples tested in-plane can be used to predict failure 

in tube burst tests. Forming limit strain results from this research will then be converted 

into stress space to compare with forming limit stress results obtained by researchers at 

the University of Waterloo from tube bending and hydroforming tests. 

1.2 Thesis Outline 

The body of the thesis is presented in the following six chapters: 
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Chapter 2 provides a review of relevant literature, including: sheet formability, 

experimental sheet formability testing, the tube hydroforming process and 

multiple strain path effects. 

Chapter 3 summarizes the materials employed in this study along with their mechanical 

properties and microstructures. 

Chapter 4 discusses the experimental procedure used for this research, detailing the test 

apparatus and sample geometries employed. 

Chapter 5 presents the results that have been obtained through the experimental testing 

completed in this study. 

Chapter 6 expands on the data gathered in this thesis through a discussion of the results 

as well as a comparison with full-scale results obtained by other researchers at the 

University of Waterloo. 

Chapter 7 summarizes the conclusions drawn from this research and offers some 

recommendations for improvements in the methodology. 
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Figure 1.1: Comparison of tensile strength and elongation for various automotive grade 

steels [1].  
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Chapter 2 

Literature Review 

This chapter introduces the methodology for determining the formability of a given sheet 

material. It describes the different testing practices and measurement techniques that have 

been and are currently being used to determine sheet material formability. The effects 

that multiple or varying strain paths can have on sheet formability are discussed. This 

chapter also gives background regarding the tube bending and hydroforming process 

which will be simulated by small-scale sheet sample testing in this study. 

2.1 Sheet Metal Formability 

The formability of sheet metal is characterized by the principal strains that are produced 

in the sheet as a result of various forming operations. The major and minor principal 

strains often correspond with the rolling and transverse sheet directions (RD and TD). 

The standard approach for quantifying the formability of a given sheet material is through 

an FLD. An FLD is generated by plotting the major strain vs. minor strain values 

obtained in the plane of the sheet material in 2D strain space. These strains can be 

represented as either engineering or true strains. The limiting strains on an FLD form a 
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threshold which is known as the forming limit curve (FLC). An example FLD for DP600 

steel is shown in Figure 2.1. The FLC represents a boundary between the safe and failed 

forming regions on an FLD. The safe region is represented by the area below the curve 

where the material does not exhibit visible necking. The failed region refers to the area 

above the curve where the material has begun to form a visible (local) neck; hence, the 

material begins to lose its strength.  

 The FLC on an FLD represents a wide range of forming limit strains that are 

predicted when sheet material is deformed along linear strain paths. These strain paths 

range from uniaxial tension to plane strain to equi-biaxial tension, as illustrated in Figure 

2.2, which shows an example of a theoretical FLD plotted in terms of true strains, rather 

than engineering strains [4]. These linear strain paths can be described by the ratio of 

minor true strain (ε2) to major true strain (ε1) where:  

 
1

2

ε

ε
β = . (2.1) 

A path where -0.5 < β < 0 results in drawing of the sheet material. When β ≈ 0 a 

condition of plane strain is achieved and when 0 < β < 1 the material is stretched in 

biaxial tension.  

2.1.1 Theoretical Forming Limit Criteria 

Critical levels of deformation, so-called sheet forming limits, can be characterized by 

both the diffuse necking and the local necking states. Diffuse necking occurs when 

uniform deformation stops, as the material reaches its maximum strength. The local 
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necking condition is reached when the strain rate in any one sheet direction reduces to 

zero. 

 Following Hill [5], it can be shown that in a uniaxial tension test, diffuse necking 

corresponds to deformation at the point of maximum loading (dF = 0), otherwise known 

as the Considère condition. At this point the Considère condition is given by: 

 
1

1
1

ε

σ
σ

d

d
= . (2.2) 

Assuming that the material is plastically isotropic and can be represented by a Hollomon 

[6] power-law hardening model which is given by: 

 
n

K 11 εσ = , (2.3) 

where K is a constant and n is the strain hardening exponent, Equation 2.2 can be 

substituted into Equation 2.3 to produce: 

 n=1ε . (2.4) 

Equation 2.4 predicts the diffuse necking criterion in terms of true strain. This equation 

demonstrates the effect that the strain hardening exponent, n, has on delaying the onset of 

diffuse necking. In fact, it can be shown that regardless of strain path (i.e. from uniaxial 

tension to equi-biaxial tension), the onset of diffuse necking occurs when Equation 2.4 is 

satisfied. 

 For local necking, Hill [7] suggested that this condition occurs in sheet material 

when the true strain rate in some characteristic direction in the plane of the sheet reduces 

to zero, dε2’ = 0. Thus, the magnitude of the through-thickness strain is equal (but 
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opposite in sign) to the major principal strain in the plane of the sheet. For an isotropic 

material under uniaxial tension the through-thickness strain increment is represented as: 

 
2

1
3

ε
ε

d
d −= . (2.5) 

The Considère condition must also be satisfied for local necking to occur. Thus the local 

necking criterion is satisfied in a uniaxial tensile test when: 

 
2

1

1

1 σ

ε

σ
=

d
. (2.6) 

By substituting Equation 2.6 into Equation 2.3 Hill [7] demonstrated that the local 

necking criterion for a power-law hardening material tested under uniaxial tension is 

given by: 

 n21 =ε . (2.7) 

Hill’s [7] local necking theory can only be applied to the range of strain paths on the left 

hand side of an FLD from uniaxial tension to plane strain. This local necking condition 

can be found by evaluating: 

 
)1(

1
β

ε
+

=
n

, (2.8) 

where β ≤ 0 (left-hand side of FLD). Figure 2.3 shows the diffuse and local necking 

theories predicted by Hill [5,7] compared to an experimental FLC. It is evident that the 

local necking curve predicted by Equation 2.8 shows the same trend as a typical 

experimental FLC. 
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2.1.2 Plastic Anisotropy 

Plastic anisotropy is related to the crystallographic texture of a material’s microstructure 

after it has under gone processing (e.g., rolling or annealing). It is a measure of the 

preferred grain orientations in the material and how they react under deformation. It can 

be represented as either normal or planar anisotropy. Normal anisotropy measures a 

material’s ability to resist thinning during a uniaxial tension test using the Lankford 

parameter: 

 
t

wr
ε

ε
= , (2.9) 

where εw, εt, are the strains in the width and thickness directions, respectively. The r-

value is typically measured in the 0º, 45º and 90º sheet directions. Planar anisotropy is a 

measure of how the r-value varies with respect to the different sheet directions.  

 Up to this point, necking has been described based on assuming isotropic material 

properties. In many sheet materials this is not the case, and an anisotropic material model 

is required. If anisotropic material properties are considered it can be shown that Hill’s 

[7] local necking theory given in Equation 2.7 can be rearranged to give: 

 ( )nr+= 11ε . (2.10) 

2.2 Experimental Sheet Forming Limit Tests 

The limiting strains on an FLD can be either determined experimentally or predicted 

analytically. Experimentally, an FLD is determined from a grid of circles, lines or dots 
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that has been applied to the surface of the sheet sample prior to the forming operation. 

These grids provide a basis for the measurement of local strains. The deformed grids are 

measured and then compared to the original grid size to determine the principal strain 

levels. The grids can be applied using different techniques, typically either 

electrochemical etching or silk screen printing [2,8-10].  

 Normally, forming limit strains are determined experimentally by performing 

either out-of-plane or in-plane forming tests on flat sheet samples. For clarity, the plane 

being referred to is the plane made by the RD and TD of the material as shown in Figure 

2.4. The more conventional out-of plane forming test typically uses a 4-inch diameter 

hemispherical punch to form a dome in sheet metal samples that are clamped around their 

circumference as shown in Figure 2.5. The hemispherical punch deforms the material 

out-of-plane creating a curved surface on the sheet specimens, which makes the 

measuring of deformed grids more difficult. Thus, the concept of performing in-plane 

formability tests was first adopted by Marciniak and Kuczynski [12] to allow deformed 

grids to be measured all on one flat surface. Their in-plane forming test employed a flat 

punch that deformed the sample indirectly by applying pressure through a circular washer 

to reduce friction from the punch, allowing the material at the center of the sample to 

deform freely. Figure 2.6 illustrates the in-plane test setup used by Marciniak and 

Kuczynski. 

 The sample geometry required to produce a given strain path on an FLD varies 

according to the strain path. Figure 2.7 shows examples of the sample geometries needed 
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to produce strain paths ranging from uniaxial tension to plane strain to equi-biaxial 

tension for out-of-plane forming tests. The thinnest samples, shaped like an hour glass, 

are used to generate uniaxial strain paths, while the widest square samples are used to 

generate equi-biaxial tension. The rest of the samples are needed to generate the various 

strain paths in between these two extremes. Several researchers [8,13-17] have shown 

that by varying the sample geometry, forming limit strains can be obtained for all linear 

strain paths on an FLD (see Figure 2.2) from uniaxial tension to equi-biaxial tension. 

2.2.1 Out-of-plane vs. In-plane 

Even though in-plane forming tests show a significant advantage in allowing strains to be 

measured on a flat surface, out-of plane forming tests are still used as the industry 

standard method for evaluating sheet material forming limits. However, limit strains 

produced from out-of-plane forming tests have been shown to depend on the tooling 

geometry and friction [16,17]. Variables such as punch radius and lubrication types have 

a significant effect on out-of-plane forming test results. Lewison and Lee [13] and 

Raghavan [16] have developed modified Marciniak and Kuczynski (MK) [12] tests that 

allow the sample material to deform freely “in plane” with less effect of tool geometry 

and friction. Figure 2.8 shows examples of the sample geometries employed to produce 

strain paths ranging from uniaxial tension to plane strain to equi-biaxial tension for the 

modified in-plane MK forming tests.  
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 Lewison and Lee [13] and Raghavan [16] have continued research using similar 

in-plane forming tests. A picture of the experimental apparatus employed by Lewison and 

Lee [13] is shown in Figure 2.9. These in-plane forming limit tests showed that the 

material forming limits were more sensitive to the defects within the material [13,16] 

than with tool geometry and friction. Lewison and Lee [13] performed a comparison 

study of out-of-plane vs. in-plane forming tests and found that the out-of-plane tests 

produced forming limit strains that were 4-8% higher than in-plane tests on the same 

sheet material. This effect was also reported by Raghavan [13] along with Ghosh and 

Hecker [17] who all agreed that geometric constraints imposed by the tooling used in out-

of-plane tests delays the localization of limit strains, thereby resulting in higher forming 

limits compared to in-plane tests.  

 To eliminate all effects of tooling geometry and friction, a few researchers [2,4, 

18-21] have suggested methods for performing in-plane forming limit tests using purely 

tensile forces. The benefit is that these tests can be carried out using standard tensile 

testing machines, which eliminates the need for specialized press forming equipment. 

However, these tensile deformation methods are capable of producing strain paths only 

on the left hand side of the FLD, ranging from uniaxial tension to plane strain.  

2.2.2 Strain Measurement 

The strains that develop during a sheet material forming limit test can be collected either 

by manually measuring the deformed grids by hand or using computer driven image 
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processing software to calculate the resultant strain from still pictures. In both cases, in-

plane forming tests allow the deformed grids to be readily measured. The measurement of 

localized strains produced from an out-of-plane hemispherical dome test is considered to 

be the most popular way in determining sheet metal FLDs. However, these measurements 

are typically obtained through hand inspection using transparent tape and a magnifier or 

another optical device such as a microscope [9,10]. This method is very subjective 

especially when the measurements are conducted by different individuals.  

 The recent advancement of digital camera technology, especially the creation of 

affordable charged coupled device (CCD) video cameras and high resolution digital 

single-lens reflex cameras, has allowed experimenters to digitally track strain 

development in sheet steels for both in-plane and out-of-plane forming limit tests. In-

plane forming limit tests also have the advantage that strains can be digitally tracked 

using a single camera as opposed to two or more that are needed for out-of-plane strain 

deformation tracking. 

 Lewison and Lee [13] carried out in-plane forming limit tests to compare the 

strain levels from aluminum killed drawing quality (DQ) steel specimens that were 

calculated from visually inspected still images versus those obtained through digital 

imaging analysis software. They concluded that local necking can be detected by digital 

image analysis before it can be visually seen or identified by touch. Thus, the use of 

digital image analysis can be a more reliable and accurate method for capturing sheet 

material forming limits. 
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 When using digital image analysis to capture the forming limit strains, the 

resolution of the recording device is paramount. A camera with insufficient resolution 

will produce large statistical errors in the measured strain results, while a camera with too 

high resolution will cost more and require more processing power. Valletta [2] 

discovered that when he performed in-plane forming limit tests using a digital video 

camera with a resolution of 640 x 480 pixels that the experimental error in his strain 

measurements was ± 2% engineering strain for a 95% confidence interval.  

 A new automated strain measurement system called “AutoGrid
®
 Vario” is 

available from ViALUX [22], which claims that it can achieve an experimental error of ± 

1% engineering strain. The AutoGrid
®
 Vario system is capable of recording data from 

either in-plane or out-of-plane forming tests. The system uses four CDD cameras to 

monitor the deformation process. Another automated strain measurement system, 

ASAME 2D Model, is offered by ASAME Technology LLC [23]. They claim that an 

experimental error of ± 2% engineering strain can be achieved, and their system requires 

only two CCD cameras. 

2.3 Analytical Sheet Forming Limit Prediction 

Forming limits can be predicted analytically using an approximation first described by 

Keeler and Brazier [24]. They suggested that the forming limits in sheet steels can be 

predicted by a characteristically shaped curve plotted on a standard FLD. Figure 2.10 

shows a standard FLD with the calculated Keeler-Brazier FLC plotted using true strains. 
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The reference point for a predicted FLC is the value of the true plane strain forming limit, 

FLC0, which can be estimated based on sheet thickness, t (mm), and the strain hardening 

coefficient, n, using the following equation: 

 FLC0 
True Strain

 = [ ]








⋅++
21.0

2.143.231ln
n

t . (2.11) 

The strain hardening coefficient, n, is determined at high strain levels, typically 15-20% 

(terminal n-value). The left hand side of the FLC is simply a straight line with slope equal 

to negative one that intersects the true plane strain forming limit, FLC0. The right hand 

side of the FLC is a specific curve generated by Keeler [25] using stretch forming tests on 

low-carbon steel. Figure 2.11 shows an example of the FLC0
 Engineering Strain 

predicted using 

the Keeler-Brazier approximation for a HSLA sheet steel. The Keeler-Brazier 

approximation is based on forming limit results that were obtained using out-of-plane 

hemispherical dome punch tests on various sheet steels. 

 Keeler [26] had previously suggested that the formability of sheet metal was 

directly related to its thickness. Raghavan [16] reinforced this suggestion when he 

performed in-plane forming tests on different steel sheet thicknesses and found an 

increase in formability with increased thickness. Equation 2.11 has been shown to closely 

match experimental forming limit testing results for DQ, HSLA, and DP steels [1,3]. 

Figure 2.11 shows the agreement of the predicted FLC0 
Engineering Strain 

with experimental 

forming limits plotted as major and minor engineering strains. The plane strain forming 
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limit is useful to know for a given material because it is typically the path that would 

produce the least amount of strain, prior to failure. 

2.4 In-Plane Tensile Testing 

Wagoner and Wang [18] were among the first researchers to develop in-plane tensile 

forming limit tests, which allowed them to produce strain paths between uniaxial tension 

and plane strain. Their experimental setup included a 254 mm wide grip assembly that 

relied on a bolted wedge to clamp the specimens (see Figure 2.12). They began with a 

254 mm wide sheet sample of 2036-T4 aluminum, as shown in Figure 2.13, and varied 

the geometry of its gauge region in an effort to maximize plane strain throughout the 

sample. They investigated six notch geometries, summarized in the table in Figure 2.13 

labeled A through E. Their testing showed that plane strain deformation could be 

achieved across approximately 80% of the gauge region. This testing procedure became 

known as an in-plane plane strain (IPPS) test.  

 Holmberg et al. [4] developed in-plane tensile tests to produce strain paths from 

uniaxial tension to plane strain in mild steel and high strength steel. Their intent was to 

create an in-plane forming limit test that was independent of tooling geometry and 

friction. A sample of the geometry they employed is shown in Figure 2.14. They found 

that a wide sample with a wide but short gauge section is needed to produce forming limit 

strains close to plane strain. They also suggested that the sample have sufficient area for 

clamping to avoid fracture outside the plane strain region in the center of the sample. 
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 Valletta [2] performed an IPPS tensile testing study by using LS-DYNA finite 

element method (FEM) software to predict the deformation behavior of DQ and DP600 

sheet steel for varying sample geometries under tensile loading conditions. Valletta’s 

simulations showed that wide samples with an appropriate notch profile could be used to 

apply strain paths between uniaxial tension and plane strain to the DQ and DP steels. The 

sample geometries used by Valletta are shown in Figure 2.15 and 2.16. Figure 2.15 

depicts the sample geometry used to apply pre-strain along a path located between 

uniaxial tension and plane strain (β = -0.4) to the DQ steel and Figure 2.16 shows the 

profile adopted to produce near plane strain deformation (β = -0.04) to the center of the 

sample. Valletta concluded that a wide sample with short gauge length is needed to 

produce strains close to plane strain at the center of the sample. Valletta’s experimental 

IPPS tests used custom 104 mm wide grips on a standard Instron tensile testing machine 

to apply the tensile loads to sheet samples. 

2.5 Tube Hydroforming Process 

In recent years, the tube hydroforming (THF) process has been used increasingly in the 

automotive industry to manufacture various structural components. A once complex 

component with many individual pieces can now be reduced to a single tube that has 

been pre-bent and subsequently hydroformed into the required cross-sectional shape, 

which may vary along the length of the tube. Hydroforming expands the tube to obtain 

the desired shape within a clamped die cavity using high pressure fluid. Figure 2.17 
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illustrates a typical THF apparatus along with a depiction of how the tube’s cross-section 

evolves throughout the process. THF not only allows for higher dimensional accuracy of 

manufactured components but it also leads to lighter, more economical parts as well.   

 The flat sheet testing in this thesis seeks to simulate a THF process of steel tubes 

that have a diameter of 76.2 mm and a wall thickness of 1.8 mm. This process involves 

the pre-bending of a tube to obtain a 90-degree bend using a rotary draw tube bending 

machine followed by a hydroforming step to achieve a constant square cross-section in 

the region of the tube bend.  

2.5.1 Tube Bending 

As mentioned, tube bending may precede many hydroforming processes in order to pre-

form the tube to the desired shape along its axis. The bending of tubes is more 

complicated then bending flat sheet due to the fact that the tube’s walls need to be 

supported inside and out. In rotary draw bending, tubes are bent around a circular die 

with the exact profile of the tube by a follower or clamp die. The tubes that are used in 

automotive manufacturing are typically made by rolling a flat strip of sheet metal to the 

required diameter and then seam welding its edges together. Some strains are introduced 

into the material during the tube forming process. A tube bend is classified by the bend 

ratio and the wall factor. The bend ratio refers to the bend radius over the tube diameter 

(R/D), as shown in Figure 2.18. R is the bend radius measured to the neutral axis of the 
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tube which can also be referred to as the center-line radius (CLR). The wall factor is the 

ratio of the tube diameter over tube wall thickness (D/W). 

 When bending thin walled tube, a mandrel is inserted into the tube to prevent the 

tube from collapsing or wrinkling during the process [28]. Figure 2.19 shows a rotary 

draw tubing bender with internal mandrel that was employed at the University of 

Waterloo to pre-bend the steel tubes discussed in Chapter 5 of this thesis (prior to 

hydroforming). The tube is held between the clamp die and the bend die, as well as the 

pressure die and the wiper die (see Figure 2.19). The mandrel is then inserted inside the 

tube to prevent it from collapsing or wrinkling during bending. The pressure from the 

wiper die also helps to eliminate tube wrinkling. The clamp die and bend die rotate 

together to pull the tube around the bend as shown in Figure 2.20. The pressure die can 

be made to move forward to push material into the bend, this is known as “bending 

boost”.  

 Several researchers [27-32] have shown that increased levels of bending boost can 

reduce thinning and major axial strains along the outside of a tube bend radius. Increased 

boost levels have also been shown to thicken the inside radius of tubes and increase 

minor circumferential strains. The bending boost can be represented by a percentage of 

the ratio of the pressure die displacement over the arc swept by the CLR of the bend die. 

This relationship is as follows: 

 % Boost = (Pressure die displacement/arc swept by CLR) x 100%. (2.12) 
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A 100% boost level is achieved when the pressure die is moved forward at the same 

relative speed as the CLR of the bend die. Boost levels greater than 100% means that 

material is being pushed into the bend which helps to thicken the material along the 

inside and outside of the tube [32]. Conversely, boost levels less than 100% will act to 

thin the material along the inside and outside of the tube [32].  

 Bardelcik and Worswick [32] studied the effect of bending boost on the thickness 

and strain distributions of DP600 steel tubes bent 90º. Figure 2.21 illustrates the 

orientation of the tube bend with respect to the tubing bender along with the orientation 

of the weld seam. Figures 2.22 and 2.23 present the results from their study for the inside 

and outside of the bend, respectively, for the bend angles depicted in Figure 2.21. Figure 

2.22 shows thickening of the tube along the inside of the bend along with increased minor 

circumferential strain. Figure 2.23 illustrates thickening of the tube along the outside of 

the bend as well as decreased major axial strain. Bardelcik and Worswick reported, 

however, that high boost tended to reduce the subsequent corner-fill expansion of 

hydroformed tubes, thus lowering formability.   

2.5.2 Tube Hydroforming 

THF is an operation that injects extremely high pressure liquid, in most cases water, into 

a tube that is clamped securely within a die cavity. Pre-bending is not the only operation 

that can precede THF. In some operations, a pre-compression or pre-shaping step is 

applied to help the tube form to the desired profile. This step may be accomplished by a 
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separate operation or by the hydroforming die as it closes before the tube is pressurized 

with fluid (see Figure 2.24). The hydroforming die is typically made up of two halves 

that are forced together. The tube is expanded under the pressure of the liquid to form the 

shape of the die cavity as shown in Figure 2.17. The cavity in the die can range from a 

simple straight uniform cross-section to one containing multiple complex bends and 

cross-sections.  

 The die that was used at the University of Waterloo to hydroform the 90-degree 

pre-bent steel tubes examined in Chapter 5 of this thesis is shown in Figure 2.25. The 

main cross-section of the hydroforming die is square, as shown in Figure 2.26, but it 

transitions to a circular cross-section at the ends of the die. Figure 2.26 also illustrates 

that there is a 0.5 mm diametral clearance between the hydroforming die and the tube.  

 During THF, the pressure inside the tube can range from 70-700 MPa. The tube is 

sealed using end-plugs which can also provide end force to feed the tube into the die 

during hydroforming. Figure 2.27 shows a typical hydroforming operation where the end-

plugs are not only sealing the tube but applying end-feed (EF) force as well. The amount 

of EF can be varied to achieve different strain and thickness distributions in the tube bend 

[32,33]. Higher levels of EF have been found [32] to increase the corner-fill expansion 

(see Figure 2.26) in straight and pre-bent hydroformed tubes. However, too much EF can 

result in wrinkling or buckling failures, as reported by Sorine [34].  

 A recent pre-bend and hydroforming study of the same DDQ, HSLA and DP600 

steel tubes studied herein was completed by Sorine et al. [33] for various levels of 
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hydroforming EF. Results from their study are shown in Figure 2.28 for the HSLA steel 

tube. The tubes depicted range from a 90-degree pre-bent tube to hydroformed tubes with 

zero EF and 0.25, 0.5 and 1.0 yield strength (YS) levels of EF, respectively. The 

orientation of the tubes shown is consistent with that illustrated in Figure 2.21. The 

1.0YS shows wrinkling on the inside of the bend indicating excessive EF. Strain and 

thickness distributions around the circumference of the tube measured at the 45-degree 

bend angle (see Figure 2.21) are shown in Figure 2.29. These results demonstrate that 

higher levels of EF increase the subsequent corner-fill expansion of pre-bent and 

hydroformed tubes, thus increasing material formability [33,34]. 

2.5.3 Tube Hydroforming Strain Paths and Failure Locations 

The thickness and strain distributions in a tube during pre-bending and hydroforming 

vary depending on friction, die geometry, boost, EF and other processing parameters [32-

34]. The strains of interest in this thesis are those created during the tube pre-bending and 

hydroforming operations that are being completed at the University of Waterloo. Strain 

and thickness distributions in the tube for the 90-degree pre-bend and hydroforming 

stages have been shown in Figures 2.22, 2.23 and 2.29 for different levels of boost and 

EF.  

 The majority of the deformation that results from the 90-degree tube bending 

operation is in the axial direction of the tube. The strain paths produced from tube pre-

bending show near uniaxial tension along the outside of the bend and near uniaxial 
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compression along the inside of the bend [32-34]. These strain paths can vary depending 

on the amount of boost employed during tube pre-bending [32-34]. The bulk of the 

deformation that results from the hydroforming stage is primarily in the hoop direction of 

the tube. The strain paths that occur during the hydroforming stage on the inside and 

outside of the bend range from near plane strain to near uniaxial tension depending on the 

amount of EF applied [32-34].  

Figure 2.30 shows the predicted strain paths for a tube bending and hydroforming 

operation from a study of DP600 steel by Bardelcik and Worswick [32] at the corner-fill 

location (see Figure 2.26). The pre-bend strain path ratios are β = -0.5 and β = -4 for the 

outside and inside of the bend, respectively. The hydroforming strain path ratios are β = -

0.25 and β = -0.65 for the outside and inside of the bend, respectively.  

 Sorine [34] continued research on the pre-bent and hydroformed DDQ, HSLA and 

DP600 steel tubes. Sorine’s results showed that failure during hydroforming of 90-degree 

pre-bent tube always occurred on the inside of the bend at locations between 0º – 20º and 

160º – 180º around the circumference (see Figure 2.21) at the 45-degree bend angle for 

an EF force of 0.25YS or greater. The 0.5YS tube as shown in Figure 2.28 demonstrates 

that the location of failure at burst is next to the weld seam of the tube. Sorine found that 

only the HSLA steel tube with zero EF during hydroforming fails on the outside of the 

bend at 270º around the circumference between approximately 20º – 35º of bend angle 

(see Figure 2.21).  
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2.6 Multiple Strain Path Effects 

It is important to know how multiple strain paths can affect the formability of materials. 

Various researchers [35-40] have commented on how pre-strain paths can have negative 

effects on overall sheet formability. Determining the formability for a hydroformed tube 

is more complicated than it is for a flat sheet. If the tube undergoes bending before or 

during the hydroforming process, then there will be multiple strain paths that the material 

will follow (see Figure 2.30). Due to these non-linear strain paths, a standard FLD is no 

longer suitable for representing the true forming limits of the material. A comparison of 

different strain paths is shown in Figure 2.31. In this figure it can be seen that the linear 

strain path produces a forming limit strain that corresponds to the predicted FLC. The 

quadratic strain path produces a lower forming limit strain and the multi-stage strain path 

generates a higher forming limit strain.  

 Many authors [35-38] have studied the effect of varying strain paths. All agree 

that if the pre-strain path ratio is less than the final strain path ratio (β1 < β2) then the 

forming limit is increased. For the inverse case where β1 > β2, the forming limit is found 

to decrease. It has been suggested by Laukonis and Ghosh [39] that the increase in 

formability produced from uniaxial tension pre-strain could be credited to the increased 

hardening coefficient, n, in the material due to the uniaxial pre-strain. Graf and Hosford 

[40] have shown that varying the strain path for Al 6111-T4 can have tremendous effects 

on the forming limits achieved. They applied various levels of uniaxial pre-strain in the 
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RD of the material and then tested to failure in the TD. The shift in the as-received 

single-path FLC is shown in Figure 2.32.  

 In the early 1980’s, Wagoner and Laukonis [20,21] developed the IPPS tensile 

test method outlined in Section 2.4. This setup allowed them to produce strain paths from 

uniaxial tension to plane strain in aluminum killed DQ and DP steels. The tests were used 

to apply various plane strain pre-strain levels in the RD to smaller RD and TD uniaxial 

samples which were subsequently cut from the IPPS samples, as depicted by Figure 2.33. 

Their research showed that the rate of work hardening and total elongation of the uniaxial 

specimens decreased for increased levels of plane strain pre-strain.  

2.6.1 Non-linear Strain Path Forming Limit Prediction 

One way of dealing with multi-stage non-linear strain paths is to plot them onto an 

effective strain diagram (ESD). An ESD is a plot of effective plane strain to failure as a 

function of effective pre-strain. Principal strain data can be found using the same methods 

described in Section 2.2 for creating a standard FLD. The effective strains are then 

calculated using the von Mises effective strain equation which is given as follows: 

 ( )21
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where ε1 and ε2 are the measured principal major and minor strains, respectively. 

 An FLC can be represented on the ESD by plotting the limiting effective strains, 

which creates safe and unsafe regions similar to a standard FLD. The use of an ESD is 

valuable since it provides a forming limit prediction that is independent of strain path. 
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Also the ESD utilizes plane strain as a final strain path, a path typical of producing the 

lowest limit strains in many forming operations.  

 Graf and Hosford have presented results on changing strain paths for two 

aluminum alloys, AA2008-T4 [35] and AA 6111-T4 [40] that had various levels of pre-

strain applied in both RD and TD. Figure 2.34 shows an ESD plotted from various pre-

strain paths for the AA 2008-T4 aluminum alloy. It can be seen that the effective post-

strain initially decreases linearly for increasing effective pre-strain, but then decreases 

asymptotically and approaches zero for high levels of pre-strain. Graf and Hosford [35] 

found that plane strain pre-strains <5% in the RD have little effect on the shape of the 

standard FLC for an Al 2008-T4 alloy, but caused a shift in the FLC as can be seen in 

Figure 2.35. The effect of uniaxial pre-strain in the RD on Al 2008-T4 alloy samples 

tested to failure in the TD showed a dramatic difference in both the location and shape of 

the new FLC. The new FLCs are shifted down and to the right, as is evident in Figure 

2.36.  

 Alternatively, a forming limit stress diagram (FLSD) can be used to determine the 

forming limits from a multi-stage non-linear strain path forming operation. An FLSD is a 

plot of the forming limits as principal stresses in the sheet which are calculated from the 

principal strains. Once again, an FLC is plotted to separate the safe and failed forming 

limit stress regions, in this case it is called the forming limit stress curve (FLSC). The 

FLSC is typically generated from a predicted Keeler-Brazier FLC or an experimentally 

measured FLC. This method is also independent of strain path history.  
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 Arrieux [41] presented methods for creating FLSDs for isotropic materials using 

the Prandtl-Reuss equations. Arrieux also employed Hill’s [42] quadratic anisotropic 

yield function (Hill `48) for calculating FLSDs for anisotropic materials. Arrieux 

transformed forming limit strains from an isotropic aluminum alloy into stress space on 

an FLSD to compare the stresses generated by varying strain paths as shown in Figure 

2.37. He found that the forming limit stresses did not follow any common yield function 

nor did they match the Von Mises yield function.  

 Valletta [2] produced FLSDs from IPPS testing of DQ and DP600 steel sheets by 

using the method described by Arrieux [41] for anisotropic materials. These FLSDs are 

shown in Figures 2.38 and 2.39 where the forming limit stresses for both the DQ and the 

DP600 material form a linear trend. However, the results for the DP600 material are more 

scattered.   

 Stoughton [43,44] also specified methods for determining FSLDs from non-linear 

strain path data. He provided a general solution that allows non-linear strain data to be 

mapped into stress-space using Hill’s [42] quadratic generally anisotropic plastic 

potential (see Appendix A). The forming limit of the material was then predicted when 

the calculated stress intersected with the FLSC of the material. Figure 2.40 depicts 

forming limit strains from a study by Graf and Hosford [35] that were mapped onto an 

FLSD by Stoughton [43] for comparison. 
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2.6.2 Tube Hydroforming Limit Predictions 

Recently, researchers have been studying the THF process to try to predict the associated 

material forming limits for THF operations. In these studies, authors have reviewed 

different methods for predicting tube hydroformability.  

 Sorine et al. [29] performed a study that predicted the failure of hydroformed 

HSLA350 steel tubes using an extended stress-based forming limit diagram (XSFLD). 

The HSLA350 steel tubes tested were made from the same steel sheet tested in this thesis. 

Sorine et al. first conducted free expansion tube burst tests to determine the maximum 

pressure and the burst pressure inside the tube. They used the experimental results from 

the tube burst tests to predict the plane strain forming limit associated with maximum 

internal tube pressure. The plane strain forming limit from the tube burst tests was used to 

create a standard shaped Keeler-Brazier FLC, which was plotted on an FLD along with 

other predicted FLC’s. Figure 2.41 shows the FLD used by Sorine et al. to illustrate the 

various predicted FLC’s for the HSLA350 steel. It can be seen that the FLC calculated 

from the tube burst results was much lower than the other FLC’s predicted using the 

Keeler-Brazier approximation.   

 Sorine et al. [29] converted the strain-based FLC predicted using the tube burst 

results into principal stresses using the methods proposed by Stoughton [43] and plotted a 

stress-based FLC. The stress-based FLC was then transformed from principal stresses to 

mean and effective stresses which were plotted on an XSFLD. Figure 2.42 demonstrates 

the progression from a strain-based FLC to a stress-based FLC to an extended stress-
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based forming limit curve (XSFLC). The XSFLC has proven useful in predicting the 

onset of necking in three dimensional loading conditions, such as thicker-walled tubes, as 

verified by Simha et al. [45,46]. The XSFLC was then used by Sorine et al. [29] to 

predict failure in pre-bent and hydroformed tubes. Figure 2.43 shows a contour plot of the 

predicted failure locations during a hydroforming FEM simulation of an HSLA350 steel 

tube along with the actual pre-bent and hydroformed HSLA350 steel tube. The 

experimental results showed that the average burst pressure during the hydroforming 

stage was 33 MPa. A plot of elements on the inside and outside of the tube during the 

hydroforming simulation of the HSLA350 steel tube is shown in Figure 2.44 

demonstrating the correlation with the burst pressure obtained from experimental testing.  

 Efforts by Chen [47] and Chen et al. [48,49] have been made to predict the 

formability of AKDQ steel tubes of diameter 76.2 mm and wall thickness 2.16 mm. Chen 

[47] developed a method for predicting burst during THF called ‘plastic strain criterion’ 

(PSC), which estimates lower and upper formability levels based on the maximum load 

capacity of the tube and the total elongation, respectively. Chen et al. [48] have also 

performed free expansion tube burst tests to measure the amount of strain in the tube at 

the tube burst pressure. They found that the measured strain at burst fell between their 

estimated lower and upper PSC levels. However, when they compared the measured 

strain from the tube burst tests to strain-based FLD data (Keeler-Brazier approximation) 

and stress-based FLD data (Stoughton [43]) they found that both over-predicted the 

forming limit. Chen [50] later used his own PSC method, the Keeler-Brazier FLD 
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approximation, the stress-based FLD comparison by Stoughton [43] and the XSFLD 

method prescribed by Simha et al. [45] to evaluate the corner fill of the same AKDQ 

tubes as described above in a square die. Chen [50] concluded that the PSC method was 

more accurate in predicting failure in free expansion tube burst tests and that the stress-

based methods by Stoughton [43] and Simha et al. [45] best estimated failure in tube 

corner fill expansion tests. 
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Figure 2.1: A typical FLD for DP600 steel having a thickness of 1.2 mm showing 

measured strains that were safe, marginally safe and failed [3]. 

FLC 
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Figure 2.2: A typical FLD showing various linear strain paths [4]. 

 

 

Figure 2.3: A FLD showing the predicted limits given from both the diffuse and local 

necking theories proposed by Hill [5,7] compared to an experimental FLC. 
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Figure 2.4: Illustration showing in-plane plane of sheet metal sample. 

 

Figure 2.5: Hemispherical dome punch test setup consisting of a circular specimen that is 

clamped between two dies resulting in out-of-plane deformation [11]. 
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Figure 2.6: Flat bottom punch, 3, used to indirectly apply pressure to a specimen, 1, 

through a circular washer, 4, deforming the material in-plane. The sample 

and washer are clamped rigidly in a die, 2 [12]. 

 

 

Figure 2.7: Sample geometries from an out-of-plane forming test. Sample at top left to 

bottom right used to produce strain paths from uniaxial tension, to plane 

strain, to equi-biaxial tension, respectively [13]. 
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Figure 2.8: Sample geometries from an in-plane forming test. Sample at top left to 

bottom right used to produce strain paths from uniaxial tension, to plane 

strain, to equi-biaxial tension, respectively [13]. 
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Figure 2.9: In-plane forming test setup used by Lewison and Lee [13] showing the 

punch, die set, carrier blank, sample and camera. 
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Figure 2.10: The FLCs predicted using the Keeler-Brazier [24] approximation for a steel 

sheet of thickness, 1.8 mm, and strain hardening exponent, n = 0.108. 
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Figure 2.11: Experimental FLCs plotted using engineering strains for Mild, HSLA and 

DP steels with 1.2 mm thickness showing that the predicted FLC0 shows 

good agreement with the experimental FLC for HSLA steel [11]. 
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Figure 2.12: Wide grip assembly used by Wagoner and Wang [18] for in-plane tensile 

deformation testing. 
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Figure 2.13: Wide sheet sample used by Wagoner and Wang [18] for in-plane tensile 

deformation testing. 
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Figure 2.14: In-plane tensile test sample used by Holmberg et al. [4], dimensions are in 

mm, h0 ranged from 6 to 12 mm, w1 and w2 ranged from 16 to 76 mm. 
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Figure 2.15: The pre-strain test sample used by Valletta [2] for pre-straining the DQ 

sheet steel, dimensions are in mm. 

 

 

Figure 2.16: The in-plane plane strain (IPPS) test sample used by Valletta [2] for 

determining pre-strain effects on plane strain forming limits, dimensions 

are in mm. 
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Figure 2.17: Typical THF process where a tube has been pre-bent before the final 

hydroforming stage [27]. 
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Figure 2.18: A tube bend is classified by the R/D ratio and the D/W ratio, where R is tube 

bend radius, D is tube diameter and W is the tube wall thickness [2]. 

 

 

Figure 2.19: Rotary draw tubing bender used by Sorine et al. [29] at University of 

Waterloo to pre-bend tubes for subsequent hydroforming operations. 
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Figure 2.20: Rotary draw tube bending process with internal mandrel [27]. 

Step 1: 

-The tube is slid overtop mandrel and is positioned in-between other tooling 

Step 2: 

-The clamp die and pressure die are closed by applying normal loads to the tube 

Step 3: 

-The bend die and clamp die rotate and pull the tube around the bend, while the pressure 

  die translates forward and pushes material into the bend. 

-The mandrel balls pivot to prevent tube collapse. 

External Tooling 

Internal Tooling  

(external tooling and tube shown with their 

top halves removed for clarity) 
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Figure 2.21: Orientation of the tube with respect to the tubing bender shown in Figure 

2.19 and location of weld seam. The angles are shown as a reference for 

the locations of the strain data collected by Bardelcik and Worswick [32]. 
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Figure 2.22: Thickness and strain distribution for the inside of bend for DP600 tube bent 

at various boost levels. Boost levels HB, MB and LB correspond to 105%, 

100% and 95% boost levels respectively [32]. 
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Figure 2.23: Thickness and strain distribution for the outside of bend for DP600 tube 

bent at various boost levels. Boost levels HB, MB and LB correspond to 

105%, 100% and 95% boost levels respectively [32]. 
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Figure 2.24: Pre-compressing of a tube before hydroforming [2]. 

 

 

 

 

 

 

Figure 2.25: Inside view of one half of the 90-degree pre-bend hydroforming die used at 

University of Waterloo by Sorine et al. [33]. 
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Figure 2.26: Cross-section of hydroforming die showing tube before and after 

hydroforming expansion. In this figure, d, represents the amount of 

corner-fill expansion during hydroforming [33].  

 

 

 

Figure 2.27: A schematic showing the end-plug used to seal the tube and provide EF 

force during a typical hydroforming operation [27]. 
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Figure 2.28: Pre-bent and hydroformed HSLA steel tubes tested with various levels of 

EF by Sorine [34]. 
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Figure 2.29: Thickness and strain distributions measured around the circumference of the 

tube at the 45º bend angle location for HSLA steel tested with various 

levels of EF [34]. 

 

 

 

0 60 120 180 240 300 360
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.4

0.8

1.2

1.6

2.0

2.4

Angle, degrees

Thickness

Hoop strain

Axial strain
Hoop strain

Axial strain

Inside of the bend Outside of the bend

 

 Non-hydroformed

Hydroformed

 0EF      (90%)

 0.25YS (90%)

 0.50YS (70%)

 0.50YS (90%)

 T
h

ic
k
n

e
s
s
, m

m

E
n

g
in

e
e

ri
n

g
 s

tr
a

in



Chapter 2 Literature Review 55 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.30: A plot showing the strain paths for elements on the inside and outside radius 

of a pre-bent and subsequently hydroformed DP600 steel tube [32]. 
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Figure 2.31: Graph comparing various strain paths on a standard FLD [2]. 
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Figure 2.32: FLD showing the effect of uniaxial pre-strain in the RD for Al 6111-T4 

alloy tested to failure in the TD [40]. 
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Figure 2.33: Pre-strained uniaxial specimens from IPPS tests conducted by Wagoner and 

Laukonis [20, 21].  
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Figure 2.34: ESD depicting various levels of pre-strain in both RD and TD for 2008-T4 

aluminum alloy tested by Graf and Hosford [35]. 
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Figure 2.35: FLD showing the effect of plane strain pre-strain in the RD for Al 2008-T4 

alloy tested to failure in the TD [35]. 

 

 

Figure 2.36: FLD showing the effect of uniaxial pre-strain in the RD for Al 2008-T4 

alloy tested to failure in the TD [35]. 
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Figure 2.37: FLD showing various strain paths (left), forming limit strain mapped into 

stress-space on a FLSD (right) showing the von Mises yield envelope [41]. 
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Figure 2.38: FLSD of DQ steel for multi-path forming limit tests completed by Valletta 

[2]. 

 

Figure 2.39: FLSD of DP600 steel for multi-path forming limit tests completed by 

Valletta [2]. 
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Figure 2.40: FLSD showing various strain paths mapped into stress-space, many of the 

strain paths overlap when they are plotted in stress-space [43]. 
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Figure 2.41: Strain path from free expansion tube burst test of HSLA350 steel along with 

various predicted FLCs using the Keeler Brazier approximation [29]. 
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(a)       (b) 

 
 

(c) 

Figure 2.42: (a) Strain-based FLC, (b) Stress-based FLC and (c) XSFLC for HSLA350 

steel tube from free expansion tube burst tests completed by Sorine et al. 

[29].  



Chapter 2 Literature Review 66 

 

  

 

 

 
 

 

Figure 2.43: Predicted failure locations on the inside and outside of pre-bent and 

hydroformed HSLA350 steel tube (above) and actual hydroformed tube 

(below) [29]. 
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Figure 2.44: Predicted stress paths of elements on the inside and outside of the bend for a 

hydroforming simulation of a HSLA350 steel tube [29]. 
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Chapter 3 

Materials 

This chapter describes the four automotive grade sheet steels that were studied in this 

research. These materials represent the three categories of steels defined in the 

introduction: a LSS – DDQ, a HSS – HSLA, and two AHSSs – DP600 and DP780. These 

four steels were manufactured and provided by Dofasco. The DDQ steel sheet was hot 

rolled to a thickness of 1.88 mm. The HSLA and DP600 steel sheet products were hot 

and cold rolled to a thickness of 1.86 mm and then galvannealed. The DP780 steel sheet 

was hot and cold rolled to a thickness of 1.55 mm and then galvanized. Galvannealing 

and galvanizing are two different protective coatings that are applied to the surface of the 

steel during processing to prevent rusting. The four sheet materials are shown in Figure 

3.1. As can be seen, the hot rolled DDQ has some evidence of rusting because there is no 

protective layer applied to its surface. The HSLA and DP600 material have both been 

coated using a galvanneal process to protect the material which results in a dull grey 

color. The DP780 is the shiniest of the four materials due to its galvanized protective 

coating. The chemical compositions for the four sheet steels are shown in Table 3.1. It 

can be seen that all four steels have relatively low carbon contents. 
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3.1 Mechanical Properties 

The mechanical property data for the four materials examined in this research was 

provided by Dofasco and the University of Waterloo [51]. This data is shown in Table 

3.2 for the rolling and transverse sheet directions including data from the 6 o’clock tube 

position for tubes that have been formed from the respective sheet steels. Figure 3.2 

shows the position of the 6 o’clock location on the tube. The mechanical properties 

represented in Table 3.2 are: yield strength (YS), ultimate tensile strength (UTS), total 

elongation (TE), n-value, K-value and r-value. The materials are ordered by ascending 

UTS and descending total elongation. Table 3.2 not only shows a comparison of the 

mechanical properties between the four steels but it also demonstrates the differences in 

mechanical properties for a given material in the RD, TD and 6 o’clock tube position. 

The tube data is taken from a circular seam welded tube with a diameter of 76.2 mm. The 

wall thickness of the respective tubes are roughly the same thickness as the flat sheet 

material. The four steels were tested at an engineering strain rate of 0.042 s
-1

 up to the 

materials’ point of yield and then at an engineering strain rate of 0.21 s
-1

 for the 

remainder of the test. 

 Table 3.2 shows that DP780 exhibits the highest tensile strength but the lowest 

total elongation. The DDQ material has the highest total elongation but the lowest tensile 

strength.  The HSLA and DP600 materials have similar yields strengths; however, DP600 

has a higher tensile strength and lower total elongation than HSLA. For all the materials 

the total elongation and strain hardening rate, n, is reduced for the as-tubed product. This 
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reduction in n-value can be attributed to the strain hardening that occurs during the tube 

forming process. Figure 3.3 presents a series of engineering stress-strain curves that 

compare the strength and elongation in the RD, TD and as-tubed condition of the four 

sheet materials. It is clear from Figure 3.3 that the strain hardening that results from tube 

forming also increases the yield strength in the four tube materials. It should also be 

noted that the total elongation for the as-tubed HSLA and DP600 materials is almost 

equal.  

 Returning to Table 3.2, it can be seen that the DDQ sheet material exhibited a 

higher level of normal anisotropy in the RD than the TD and very little planar anisotropy. 

The HSLA, DP600 and DP780 sheet materials showed a large amount of normal 

anisotropy in the RD with r-values of 0.70, 0.72 and 0.66, respectively. However, the 

DP600 showed no evidence of normal anisotropy in the TD. The HSLA steel showed 

more normal anisotropy than the DP780 steel in the TD. The DP600 showed the largest 

amount of planar anisotropy followed by the HSLA and DP780 steels, respectively. The 

r-value data for the four steel tubes could not be obtained given their current geometry. 

3.2 Microstructure of Sheet Steels 

The four sheet materials under study were polished and etched with a 2% Nital solution 

to reveal their microstructures. Micrographs for both the RD and TD for the DDQ, 

HSLA, DP600 and DP780 sheet steels were completed and are shown in Figures 3.4 to 

3.7, respectively. The DDQ steel has an equi-axed ferrite microstructure with the coarsest 
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grain structure of the four steels. The HSLA steel is shown to have a ferrite grain 

structure with finer grains than the DDQ steel. The DP600 and DP780 steels consist of a 

ferrite-martensite microstructure with considerable banding of the martensite throughout. 

Both the DP600 and the DP780 steels seem to have similar grain sizes; however, it 

appears that the DP780 steel has a higher volume fraction of martensite. Figures 3.4 and 

3.5 show very little difference in the microstructure between the RD and TD orientations 

of the DDQ and HSLA steels, respectively. However, Figures 3.6 and 3.7 show small 

differences in the amount of martensite banding in the RD compared to the TD of the 

DP600 and DP780 steels. 

3.3 Strain Rate Effect 

There was no mechanical testing completed to determine the strain rate effect on the four 

sheet steels used herein. However, previous research by Valletta [2] on similar DQ and 

DP600 steels showed that when the strain rate during a uniaxial tension test was raised 

from 0.001 s
-1

 to 0.035 s
-1

, there was a significant increase in the yield strength and total 

elongation of the two materials. However, the hardening rate and the material forming 

limits for the two steels remained the same at both strain rate levels [2]. Figure 3.8 shows 

the strain rate effect for the DP600 steel tested by Valletta. The hardening rates are 

similar but the flow stress is increased for the higher strain rate tests. 
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Table 3.1: Chemical composition of DDQ, HSLA, DP600 and DP780 sheet steels given 

in weight percent. 

 DDQ HSLA DP600 DP780 
C 0.039 0.054 0.106 0.143 

Mn 0.22 0.65 1.53 1.99 

P 0.005 0.035 0.12 0.013 
S 0.01 0.005 0.001 0.002 
Si 0.013 0.069 0.201 0.26 
Cu 0.03 0.15 0.03 0.036 
Ni 0.01 0.07 0.03 0.013 
Cr 0.03 0.06 0.19 0.26 

Sn 0.002 0.007 0.003 0.008 
Al_total 0.048 0.033 0.031 0.054 

N 0.0024 0.0076 0.0056 0.005 
Mo 0.002 0.024 0.22 0.15 
V 0.002 0.005 0.006 0.011 

Nb 0 0.02 0.002 0.002 
Ti 0.009 0.015 0.018 0.023 

Ca 0.0001 0.0019 0.0031 0.0033 
 

Table 3.2: Mechanical properties given for the RD, TD and as-tubed condition of the 

four automotive grade sheet steels examined in this thesis. 

Material 
YS 

(MPa) 
UTS 

(MPa) % TE 
n-value 
(5-15%) 

K-value 
(10%) 

r-value 
(12.5%) 

n-value 
(terminal) 

RD 243 354 43.3 0.220 610.4 0.85 0.215 

TD 256 352 40.1 0.228 614.2 0.91 0.223 DDQ 

Tube 278 358 38.3 0.176 573.3 NA 0.192 

RD 368 448 35.2 0.200 760.9 0.70 0.188 

TD 394 457 34.6 0.192 765.0 0.94 0.181 HSLA 

Tube 415 477 22.3 0.097 658.8 NA 0.130 

RD 342 615 24.8 0.172 948.3 0.72 0.149 

TD 361 629 24.4 0.168 965.4 1.00 0.146 DP600 

Tube 477 630 21.1 0.106 892.1 NA 0.108 

RD 491 793 20.4 0.173 1230 0.66 0.152 

TD 491 810 20.4 0.163 1236 0.85 0.145 DP780 

Tube 610 799 18.0 0.120 1155 NA 0.118 

* NA – Not Available 
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Figure 3.1: The four automotive grade sheet steels used in this research are shown after 

the IPPS test sample geometry was machined. 

 

 

 

Figure 3.2: An illustration showing the tube sampling locations for tensile test specimens 

indicating that the location of the weld seam corresponds to the 12 o’clock 

position. 
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Figure 3.3: Engineering stress-strain curves comparing the sheet RD, TD and 6 o’clock 

tube properties of the DDQ, HSLA, DP600 and DP780 steels produced by 

Dofasco and the University of Waterloo. 
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Figure 3.4: DDQ sheet steel micrographs showing material RD (top) and TD (bottom) 

orientations. Samples were etched with 2% Nital. 
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Figure 3.5: HSLA sheet steel micrographs showing material RD (top) and TD (bottom) 

orientations. Samples were etched with 2% Nital. 
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Figure 3.6: DP600 sheet steel micrographs showing material RD (top) and TD (bottom) 

orientations. Samples were etched with 2% Nital. 
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Figure 3.7: DP780 sheet steel micrographs showing material RD (top) and TD (bottom) 

orientations. Samples were etched with 2% Nital. 
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Figure 3.8: Log-log plot of true stress vs. true strain for one low and two high strain rate 

tests of DP600 sheet steel completed by Valletta [2]. 
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Chapter 4 

Experimental Method 

This chapter summarizes the IPPS testing method that was used to evaluate the plane 

strain forming limits of the four automotive grade steels. The experimental apparatus and 

sample geometry are detailed, along with the analysis and strain limit evaluation 

methods. The objective forming limit criteria that were adopted for this study will also be 

explained. 

4.1 IPPS Forming Limit Testing Apparatus 

This research used IPPS tensile tests, described in Section 2.4, to deform sheet samples 

from the four automotive grade steels under study, so that the experimental plane strain 

and potentially multi-path forming limits could be determined. Figure 4.1 shows the 

complete experimental IPPS setup, which included an 8521 Instron tensile testing 

machine that applied a tensile force to the sheet samples through custom 101.6 mm wide 

grips. The grip inserts employed a wedge shape design that clamped the sample as the 

tensile force was applied. The faces of the grip inserts were knurled to provide friction in 

order to rigidly hold the sample. The custom grips had a load rating of 133 kN. An in-
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view clock was placed on the edges of the sample to track time during each test. The 

sheet samples were marked with an array of dots to provide a means for tracking local 

strains in the sheet during the tests.  

 This experimental apparatus is similar to that used by Valletta [2] with the 

addition of the in-view clock and use of a higher resolution digital camera instead of a 

digital video camcorder. The 101.6 mm wide grips were modified to include a screw 

adjust shaft that provides an initial upward force on the two grip faces in the lower grip 

assembly. The screw adjust shaft is illustrated in Figure 4.2. By turning this shaft, 

pressure could be applied evenly to the grip faces in order to first clamp the sheet sample 

within the lower grip assembly. Before this modification, proper alignment of the sheet 

sample was difficult and time consuming because gravity was acting against the grip 

faces in the lower grip assembly. The addition of the screw adjust shaft also helped to 

maintain an even clamping pressure across the sheet samples.  

 A series of still images of the sheet sample were recorded throughout the tests 

using a Nikon single-lens reflex D70 6.0 mega pixel (3008 x 2000 pixels) digital camera 

with a continuous capture rate of approximately 2.5 frames per second. The high 

resolution of this camera helped to reduce the experimental error of the strain 

measurements. The camera was mounted on a tripod and positioned directly in front of 

the sheet sample at a focal distance of 76.2 cm. The camera was equipped with a 2X 

teleconverter lens followed by a 105 mm macro lens. The 105 mm lens is ideally suited 

for high magnification close range applications. The teleconverter acted to double the 
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camera’s focal length; however, it also reduced the amount of light that was received by 

the camera. Additional lighting was required to illuminate the samples during testing. 

Figure 4.2 shows a closer view of the custom wide grips, the IPPS sample and the in-

view clock. Figure 4.3 shows a close-up photo of the sample and in-view clock as 

captured by the digital camera during an IPPS test.  

4.2 Plane Strain Testing 

The first set of plane strain forming limits was obtained by performing the IPPS test 

method described in Section 4.1 on samples of the four steel grades: DDQ, HSLA, 

DP600 and DP780. Major strains were oriented in the RD of the sheet. For each material, 

ten samples were tested in order to validate both the testing method and the chosen 

objective forming limit criteria. The tests were numbered DDQRD–, HSLARD–, 

DP600RD– and DP780RD– for the DDQ, HSLA, DP600 and DP780 materials, 

respectively.  

 For the second phase of testing, the four steels were again subjected to the IPPS 

tests, but this time they were deformed such that major strains were in the TD of the 

sheet. For this phase of testing, only five samples for each of the four steels were tested to 

determine the material forming limits. The error associated with a single test, found by 

performing the ten IPPS RD tests, was found to be small enough to warrant the use of 

only five IPPS tests for the TD. The tests were numbered DDQTD–, HSLATD–, 
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DP600TD– and DP780TD– for the DDQ, HSLA, DP600 and DP780 materials, 

respectively. 

4.2.1 Plane Strain Sample Geometry 

The plane strain sheet samples were machined to have the notch geometry shown in 

Figure 4.4. The sample has overall dimensions of 50 mm x 85 mm and a gauge length of 

4 mm and gauge width of 65 mm. This geometry was selected based on previous IPPS 

tensile testing research conducted by Valletta [2]. The selected sample geometry was 

narrower than that used by Valletta so that it would be possible to test the four steel 

grades to failure, while remaining within the strength limitations of the custom grips. The 

chosen notch geometry caused the material near the center of the sample to deform along 

a strain path very close to plane strain.  

 A square array comprised of 36 grids, where each grid was represented by 4 dots, 

was applied to the surface of the sheet samples using a custom ink marking punch-press. 

The marking press is shown in Figure 4.5. It was built using a custom frame that 

incorporated a microscope stage to apply dots at regularly spaced intervals to the flat 

sheet samples. The grid pattern was applied to the central portion of the sample (see 

Figure 4.4), representing the region of interest, to track local strains throughout the 

forming test. The array of dots was positioned such that the center of the sample’s gauge 

section in the vertical direction would fall between two rows of dots, as shown in Figure 

4.4. This position was referred to as the necking axis, which ws the predominant location 
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where the neck forms during the IPPS tests. In previous work by Valletta [2], it was 

found that when the dot pattern was silk-screened onto large sheets, from which the 

smaller sheet samples were then machined, the dots would often be smudged or rubbed 

off prior to testing. The custom ink marking press allowed the array of dots to be applied 

after the samples were machined. It also ensured that the grid pattern was positioned 

correctly with respect to the sample’s gauge section.  

 A dot size of 1 mm and grid spacing of 3.2 mm (1/8
th

 inch) was selected based on 

the dot size used by Valletta [2]. This grid spacing also corresponds closely to the normal 

size of grids that are electro-chemically etched on the surface of many sheet materials 

prior to various deformation tests [15,24-26]. The small 1 mm dot size helps to ensure 

that when the neck forms in the sheet steel there is sufficient space for it to form without 

impeding on the dot itself. By using a focal distance of 76.2 cm, a single grid resolution 

of approximately 150 x 150 pixels was achieved in the images captured by the digital 

camera. 

4.2.2 Plane Strain Testing Procedure 

The plane strain forming limit tests employed the experimental apparatus described in 

Section 4.1. These tests were carried out by first placing the sample in the grips, as shown 

in Figure 4.2. The in-view clock was then positioned so that it was clearly visible in the 

digital camera’s field of view, as shown in Figure 4.3. The nominal strain rate in the 

material was controlled by the cross-head speed of the Instron testing machine. The 
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cross-head speed was kept constant for all of the tests at 0.1 mm/s, which produced a 

nominal engineering strain rate of 0.025 s
-1

 by averaging over the whole gauge region of 

the IPPS sample. The local strain rate varied across the gauge section due to the different 

strain paths produced at the edge of the sample versus the center of the sample.  

 Initially a trail test (dry run) was used to determine the time at which failure 

occurred in each of the sheet samples. Still images were then captured starting with the 

first at time zero and then one every 30 seconds up to 20 seconds before failure. The 

pictures were continuously captured at a rate of approximately 2.5 frames per second 

from 20 seconds prior to failure up to the point of failure. The point of failure 

corresponded to the moment when a visible neck could be seen within the material. At 

this time the tests were stopped since no more useful data could be collected. Only tests 

where the neck formed between rows of dots were kept for image analysis. Any test 

where the neck formed across a row of grids was discarded since a comparable measure 

of strain within the neck could not be obtained.  

4.3 Image Analysis 

A sequence of still images were captured for the plane strain forming limit tests using the 

digital camera, following the test procedure outlined in Section 4.2.2. The still images 

were post-processed one at a time using the digital image analysis software Image-Pro 

Plus
®
. Figure 4.6 shows an example of a typical still image captured by the digital camera 

along with the gridded area of interest. The gridded region of the sample was cropped out 



Chapter 4 Experimental Method 86 

 

  

of each picture and converted to a grey scale image. The grey scale image was then 

segmented based on pixel intensity so that the picture background became all black and 

the dots remained white, as shown in Figure 4.7. The segmentation threshold was 

determined automatically during the image analysis process in an attempt to keep the 

procedure as autonomous as possible.  

 Once the pictures were segmented, the location of the centroid and size of each 

dot from the segmented image was measured using Image-Pro Plus software. The 

position of the centroid and size of each dot was then recorded to a text file using the time 

from the in-view clock of the selected picture as a reference. For example, the picture 

shown in Figure 4.6 would be saved as 031989. The major and minor principal 

engineering strains were determined for each grid by first calculating the true strains in 

the x and y directions (εx, εy) as well as the shear strain (γxy). Figure 4.8 shows an 

example of the original dot locations at time zero compared to the dot locations after a 

given amount of applied strain at time 200 seconds. Once εx, εy and γxy have been 

determined, the principal true strains are obtained and then converted into major and 

minor (principal) engineering strains. These major and minor strains are assumed to be 

aligned with the rolling and transverse sheet directions.  

 The compiled strain data file was then imported into Microsoft Excel for further 

strain analysis and comparison. The gridded area of interest was numbered as shown in 

Figure 4.9.  The location of the neck is determined as the row of grids with the largest 
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strain. Looking at Figures 4.6, 4.7 and 4.9, the neck would fall on the row of grids 

represented by numbers 4, 10, 16, 22, 28, and 34.  

4.4 Forming Limit Criteria 

The forming limit strains were calculated and compared using the following three 

criteria: the difference in strain, the difference in strain rate and local necking. These 

three criteria were employed to evaluate the forming limits of each of the four steel 

grades in an objective manner. The forming limit strains for the two difference criteria, 

along with the local necking criterion, were determined by comparing the grids in the 

necked row (i.e. row of grids corresponding to highest strain), to the grids in the rows 

directly above (top) and directly below (bottom) the necked row. Figure 4.10 illustrates 

the rows of grids that correspond to the top, necked and bottom rows, respectively. The 

top, necked and bottom rows were split up into four groups of three grids each, as shown 

in Figure 4.11, where the red indicates necked grids and yellow indicates the grids that 

make up the top and bottom rows. For each group the strains were averaged along the 

top, necked and bottom rows, respectively. The number of grids per group was chosen 

based on previous work by Valletta [2]. 

4.4.1 Difference in Strain Forming Limit Criterion  

The difference in strain for the first group (see Figure 4.11 group 1) was determined by 

comparing the average strain in the first three grids of the neck (4, 10, 16) to the 
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combined average strain of the top (5, 11, 17) and bottom (3, 9, 15) rows of grids. The 

combined average strains from the top and bottom rows were called the “top and bottom” 

strains. The forming limit strains were then evaluated using major strain differences of 

5%, 9% and 13% between the average neck values and the average top and bottom 

values. These steps were repeated three more times for the remaining groups shown in 

Figure 4.11. 

4.4.2 Difference in Strain Rate Forming Limit Criterion  

The difference in strain rate for the first group (see Figure 4.11 group 1) was calculated 

by first plotting the major principal engineering strains versus time for the average neck 

values and the average top and bottom values, as shown in Figure 4.12. A six order 

polynomial fit was applied to the neck strain values as well as the top and bottom strain 

values. The major engineering strain rate as a function of time was then determined by 

differentiating this polynomial, as depicted in Figure 4.13. The difference in strain rate 

criterion was applied by again comparing the strain rate in the necked row of grids (4, 10, 

16) to the average strain rate in the top (5, 11, 17) and bottom (3, 9, 15) rows of grids 

combined. The forming limit strains were then evaluated for strain rate differences of 

25%, 40% and 60% between the average neck values and the average top and bottom 

values. These steps were carried out three more times for the remaining groups shown in 

Figure 4.11. 
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4.4.3 Local Necking Forming Limit Criterion 

The local forming limit strains for all of the plane strain tests were calculated from the 

major and minor principal engineering strain data that was used to determine the 

objective forming limits. Local forming limit theory states that the material has failed or 

lost its strength when the Considère condition is satisfied and strain rate in some 

characteristic direction goes to zero as outlined in Section 2.1.1. For the plane strain 

deformation path, the strain in the ε2 direction is always zero (or approximately zero); 

hence the forming limit is reached as soon as the Considère condition is satisfied.  

 Once the local forming limit is reached in the IPPS tests conducted for the current 

study, a neck begins to form in the central gauge region of the sample and failure is 

imminent. Accordingly, the average strain of the top and bottom rows begins to level off, 

as can be seen in Figure 4.12.  

 For this study the local forming limit strain was obtained by examining the 

average strain of the top and bottom rows. First the maximum average strain of the top 

and bottom rows is determined. Then the time at which a 1% decrease in the maximum 

average strain in the top and bottom rows occurs is noted. The strain in the necked row at 

that time is taken to be the local necking forming limit. Figure 4.14 shows the position 

where the local forming limit was determined for the DDQRD3 test, corresponding to a 

major engineering strain of 0.457.  



Chapter 4 Experimental Method 90 

 

  

4.5 Experimental Error Analysis 

An error analysis was completed to determine the errors associated with the image 

capture and the image processing stages of the experimental method. The analysis was 

accomplished by capturing 20 successive images of a single undeformed plane strain 

sheet sample. The sample used is shown in Figure 4.15. The resolution of a single grid on 

the sample was held constant at approximately 150 by 150 pixels for all of the 20 images 

taken. This resolution was achieved by mounting the camera 76.2 cm away from the 

gridded test samples, the same distance used for the IPPS. The same image analysis 

technique described in Section 4.3 was used to process each of the still images. Strains 

were calculated to see if a state of zero strain was being measured, since the sample was 

in the undeformed condition in all of the captured photos. The strain data obtained from 

this analysis is indicative of the systematic error and variance associated with the image 

capture and processing stages. This analysis produced a 95% confidence interval of ± 

0.0007 engineering strain on any single strain measurement. 
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Figure 4.1: Experimental IPPS testing setup showing Instron tensile testing machine, 

custom wide grips, in-view clock, digital camera, tripod and lighting. 

  Grips 
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Lighting 

Camera  

and Tripod 



Chapter 4 Experimental Method 92 

 

  

 

 

Figure 4.2: Close-up view of custom 101.6 mm wide grips, test sample and in-view 

clock used during IPPS testing. 

 Screw adjust shaft 
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Figure 4.3: Sample with dots and in-view clock shown during an IPPS test as captured 

by the digital camera.  

 

 

Figure 4.4: Sheet sample geometry used for IPPS tensile tests completed in this research. 

Necking Axis 
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Figure 4.5: Marking press made from a custom support frame and a modified 

microscope stage. IPPS samples are gridded with dots after their notch 

geometry is machined. 
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Figure 4.6: Image captured by the digital camera during an IPPS test showing the region 

of interest in the center of the DDQRD3 sample and the in-view clock. 

 

Figure 4.7: Cropped region of interest from the center of the DDQRD3 sheet sample 

converted to grey scale (left) and grey scale image segmented based on pixel 

intensity (right). 
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Figure 4.8: An example of dot location movement during IPPS tests highlighting the 

distortion of a single grid. 

TD 

RD 

TD 

RD 

Dot location at time zero. 

Dot location at time 200 seconds. 



Chapter 4 Experimental Method 97 

 

  

 

 

Figure 4.9: The grid numbering within the region of interest. 

 

 

Figure 4.10: Still image from the center region of the DDQRD3 sheet sample after being 

post-processed indicating top, necked and bottom grid rows. 
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Figure 4.11: Four groups for strain analysis showing necked rows in red and top and 

bottom rows in yellow.  

Group 1 
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Figure 4.12: Plot of average major engineering strain versus time in the necked row and 

top and bottom rows of the first group of grids (see Figure 4.11 group 1) 

from the DDQRD3 sample. 



Chapter 4 Experimental Method 100 

 

  

 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

210 215 220 225 230

Time (Sec)

M
a
jo

r 
E

n
g

. 
S

tr
a
in

 R
a
te

 (
1
/s

)

Neck Strain Rate

Top/Bottom Strain Rate

 

Figure 4.13: Plot of major engineering strain rate versus time in the necked row and top 

and bottom rows of the first group of grids (see Figure 4.11 group 1) from 

the DDQRD3 sample. 
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Figure 4.14: Plot of major engineering strain versus time in the necked row and top and 

bottom rows of the first group of grids (see Figure 4.11 group 1) from the 

DDQRD3 sample showing the time at which a 1% decrease in the 

maximum top and bottom strain occurs. The strain in the necked row at this 

time is considered the local necking forming limit 
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Figure 4.15: Image taken of IPPS sheet sample during the experimental error analysis 

test, zero applied strain.  
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Chapter 5 

Experimental Results 

This chapter summarizes the IPPS testing results that were obtained by the testing 

method described in Chapter 4. It presents the forming limit strains that were calculated 

using the three objective forming limit criteria. This chapter also provides a comparison 

of forming limit stress results that have been calculated from the forming limit strain data 

collected in the current study to strain data converted to stresses from full-scale THF 

tests. 

  The failure locations of the full-scale tube bending and hydroforming process 

being replicated by the small-scale testing in this thesis have been outlined in Section 

2.5.3. Failure was found to result from two distinct strain path histories. The first was a 

multi-path strain history with near uniaxial compression in the RD of the sheet applied 

during the pre-bending operation followed by plane strain circumferential expansion in 

the TD during hydroforming. The second critical strain path history was simply plane 

strain in the TD due to circumferential expansion during hydroforming. Figure 2.28 

shows the failure along the neutral axis associated with the second critical path for a pre-

bent and hydroformed HSLA steel tube. This demonstrates the plane strain failure mode 



Chapter 5 Experimental Results 104 

 

  

that is indicative of the THF process conducted at the University of Waterloo [34]. The 

experimental IPPS test setup employed for this thesis only allows tensile forces to be 

applied to the sheet samples; thus, only the plane strain forming limits were tested. 

5.1 IPPS Failure Modes 

The failure of the four sheet steels varied accordingly with each material’s tensile 

strength. The DDQ steel, the weakest material with highest elongation, showed the 

largest amount of deformation in the neck region between the time that the strain in the 

necked row and the average strain from the top and bottom rows began to deviate and the 

time when failure of the sheet occured. The HSLA steel also exhibited a large amount of 

deformation in the neck region during the IPPS testing. Figures 5.1 and 5.2 show the 

major principal engineering strains in the necked row and top and bottom rows for the 

DDQTD2 and HSLATD1 samples, respectively, as a function of time. As can be seen in 

Figures 5.1 and 5.2, the DDQ material exhibits a higher amount of strain over the HSLA 

material from the 7.5% to the 30% difference in strain points, which were arbitrarily 

picked to show a comparison between the two materials. Both the DDQ and HSLA steels 

show evidence of strain localization in the necked row as the average strain in the top and 

bottom rows in the two materials begins to level off (see Figures 5.1 and 5.2) right before 

the material fails completely. That is, deformation in the top and bottom rows stops and a 

neck forms causing the sample to fail. Figures 5.3 and 5.4 show the failed DDQTD2 and 

HSLATD1 samples, respectively. In Figure 5.3, the DDQTD2 sample forms a neck and 
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fails at the center of the sample under plane strain as expected before the neck grows 

toward the sheet edges. The HSLATD1 sample in Figure 5.4 also shows evidence of a 

neck forming near the center of the sheet sample. Both the DDQTD2 and the HSLATD1 

test samples were stopped during the IPPS tests before complete separation of the sheet 

samples occurred. 

In the strongest material, DP780, local necking and failure happens almost 

immediately after the time that the strain in the necked row and the average strain from 

the top and bottom rows begin to deviate. The DP600 steel showed that more strain 

occurred during the IPPS testing than for the DP780 steel, but less strain than both the 

DDQ and the HSLA steels. The major principal engineering strains associated with the 

necked row and top and bottom rows in the DP600RD2 and DP780RD3 samples are 

plotted as a function of time in Figure 5.5. Figure 5.5 shows that there was little strain 

localization in either the DP780 or DP600 material as indicated by a leveling off of the 

average strain for the top and bottom rows. It is evident in Figure 5.5 that complete 

failure occurs more rapidly in the DP780 steel than the DP600 steel. Figures 5.6 and 5.7 

show the failed DP600RD2 and DP780RD3 samples, respectively. The failure of these 

samples happens with little to no indication of necking beforehand.  

The central region of each sample (region of interest) followed a strain path very 

close to plane strain during the IPPS testing. Figure 5.8 depicts the strain paths achieved 

for a sample of each of the four sheet steels tested. The average strain paths, given by β, 
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for the four steels are summarized in Table 5.1. The DP600 steel obtained a strain path 

closest to the desired plane strain condition. 

5.2 Difference Forming Limit Strain Results 

The flat sheet samples with the geometry prescribed in Section 4.2.1 were tested in the 

RD and TD for each of the four steels. The RD and TD tests were completed using the 

IPPS setup described in Section 4.1. Ten tests were completed on each material to 

determine the RD forming limits and five tests were completed on each material to 

determine the TD forming limits. The forming limit strains were evaluated using the three 

criteria defined by Section 4.4: difference in strain, difference in strain rate and local 

necking. 

The forming limit strains that were calculated for the DDQ, HSLA, DP600 and 

DP780 materials in the RD using the difference in strain criterion are shown in Tables 5.2 

to 5.5, respectively. The forming limit strains that were calculated for the DDQ, HSLA, 

DP600 and DP780 materials in the RD using the difference in strain rate criterion are 

shown in Tables 5.6 to 5.9, respectively. The missing data from a given test in some of 

these tables is mainly due to poor image capturing for the particular test. For example, the 

missing data in Tables 5.2 and 5.6 was the result of not enough images being captured at 

the beginning of the tests for the DDQ steel. The missing data from Tables 5.5 and 5.9 for 

the 13% difference in strain and 60% difference in strain rate was attributed to the fact 
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that some of the DP780 steel tests failed before those respective difference levels were 

achieved. 

The forming limit strains that were calculated for the DDQ, HSLA, DP600 and 

DP780 materials in the TD using the difference in strain criterion are shown in Tables 

5.10 to 5.13, respectively. The forming limit strains that were calculated for the DDQ, 

HSLA, DP600 and DP780 materials in the TD using the difference in strain rate criterion 

are shown in Tables 5.14 to 5.17, respectively.  

For each of the four sheet steels, the average forming limit strains were calculated 

for both RD and TD. Tables 5.18 and 5.19 present the average forming limit results based 

on the difference in strain criterion, whereas Tables 5.20 and 5.21 show the average 

forming limits for the difference in strain rate criterion. The DDQ steel exhibits the 

highest formability in both the RD and TD for all difference in strain and difference in 

strain rate levels considered followed in order by HSLA, DP600 and DP780.  

For each steel grade, it can be seen that the calculated objective forming limits are 

similar between the RD and TD directions. The HSLA and DP600 steels show higher 

forming limit strains using the difference in strain criterion when tested in the RD. The 

DDQ and DP780 steel show higher forming limit strains using the difference in strain 

criterion when tested in the TD. The DDQ, HSLA and DP600 steels show higher 

predicted forming limit strains using the difference in strain rate criterion when tested in 

the RD. The DP780 steel shows higher predicted forming limit strains using the 
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difference in strain rate criterion when tested in the TD. Given the level of statistical error 

in the test data presented in Section 5.4, these differences are considered negligible.  

5.3 Local Necking Forming Limit Strain Results 

The local necking forming limit strains were calculated by the method described in 

Section 4.6. Since the DP600 and DP780 materials did not show evidence of a local neck, 

the highest average major strain from the top and bottom rows was used to calculate the 

local necking forming limit strains in these two materials. The calculated local forming 

limit strains for the RD and TD in the four steel grades under study are listed in Table 

5.22. Figure 5.8 shows a plot of major versus minor principal engineering strains for the 

four sheet types, representing the local necking forming limits of the materials. In all four 

cases the local necking forming limits are higher than any of the values obtained using 

the two difference-based criteria. It is clear that the DDQ steel exhibits the highest local 

necking forming limit strain followed by the HSLA, DP600 and DP780 steels, 

respectively. There was little to no difference in the calculated local forming limit strains 

in the RD versus TD tests for the four steels. Only the DP780 steel showed a difference in 

the predicted local necking forming limit strain from the RD to the TD. This difference 

was modest, corresponding to 0.024 major engineering strain, especially considering the 

level of statistical error discussed in the next section. 

It is worth noting that the local necking forming limit strains reported in Table 

5.22 predict the onset of local necking in the material before the local neck can be 
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physically seen in the sheet sample.  For example, Figure 5.9 shows an image from the 

DDQTD3 test at a time of 219 seconds, which corresponds to the time at which the 

forming limit has been reached based on the local necking criterion described in Section 

4.4.3. Figure 5.10 demonstrates that a local neck in the DDQTD3 sample material can not 

be visually identified until a test time of 223.4 seconds.  

5.4 Repeatability of IPPS Forming Limits 

For each of the four sheet steels, ten samples were tested in the RD in order to validate 

the repeatability of both the IPPS testing method and the objective forming limit criteria 

chosen. The forming limits were calculated according to the experimental method 

described in Section 4.4. The level of statistical error in the resulting forming limit strains 

was evaluated by calculating a 95% confidence interval, assuming that these values are 

normally distributed. The confidence intervals for the difference in strain and difference 

in strain rate criteria, respectively, are presented in Table 5.23. The calculated errors for 

major engineering strain in the RD are quite small, ranging from ± 0.004 to ± 0.028 

engineering strain. Table 5.24 shows the confidence intervals for the major engineering 

strain forming limits in the TD tests that were determined using the difference in strain 

and difference in strain rate criteria, respectively. The calculated errors for major 

engineering strain in the TD are also quite small, ranging from ± 0.003 to ± 0.024 

engineering strain. 
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The statistical error associated with determining the local necking forming limit 

strains were also calculated using a 95% confidence interval, once again assuming that 

the strains are normally distributed. Table 5.25 shows the confidence intervals for the 

major and minor engineering strains in the RD and TD tests that were obtained for the 

four steels using the local necking forming limit criterion. These values are more 

scattered, ranging from ± 0.019 to ± 0.074 engineering strain. However, the local necking 

criterion had to be modified for the two DP steels as they failed quickly without forming 

a local neck (see Section 4.4.3). 

5.5 Predicted Keeler-Brazier FLCs 

The forming limit strain results calculated using the local necking forming limit criterion 

reported in Table 5.22 of Sections 5.3 were used to predict a Keeler-Brazier FLC for each 

of the four sheet steels tested. Table 5.22 shows that the calculated local necking forming 

limit strains for each of the steels were the same in the RD and the TD except for the 

DP780 steel, which had a higher calculated forming limit strain in the TD. However, due 

to the statistical variance in the calculated forming limit strains, shown in Table 5.25, the 

local necking forming limit strains for the DP780 steel are considered to be the same in 

the RD and the TD. Figure 5.11 shows the corrected Keeler-Brazier FLCs for the DDQ, 

HSLA, DP600 and DP780 sheet steels. The FLCs were corrected so that they would 

intersect the calculated local necking forming limit strains.  
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5.6 Forming Limit Stress Results 

The corrected FLCs for the four steels were then converted from strain-space to stress-

space to obtain a predicted FLSC using the method described by Stoughton [43] and 

employing the equations outlined in Appendix A. Figures 5.12 and 5.15 show FLSDs for 

the DDQ, HSLA, DP600 and DP780 steels, respectively. Each of these figures illustrates 

the predicted FLSC and the stress path that the material followed during the IPPS testing 

up to the point when the local necking forming limit criterion was satisfied. Strain data 

measured from full-scale THF tests completed by researchers at the University of 

Waterloo was also converted into stress-space to compare with the experimental data 

collected in this thesis. Only Figures 5.13 and 5.14 include data from the full-scale THF 

tests since there was no THF strain data available for the DDQ and DP780 steels. The 

data from the full-scale tests represents the maximum stresses calculated from the 

corresponding maximum strains in the tube after a pre-bending and subsequent 

hydroforming stage. Data is presented for various EF force levels ranging from zero EF 

to 0.50 yield strength (YS) EF at a pressure equal to 90% of the tube’s maximum burst 

pressure. Overall, the FLSDs show that the forming limits obtained from the IPPS tests 

are closely related to the full-scale test results and the predicted FLSCs. 
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Table 5.1: Average strain path values (β) for RD and TD for the four steels. 

Material RD TD 

DDQ -0.047 -0.038 

HSLA -0.035 -0.035 

DP600 -0.029 -0.033 

DP780 -0.041 -0.040 

Table 5.2: DDQ IPPS forming limit strains for RD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 
5 9 13 Test 

Major Minor Major Minor Major Minor 
DDQRD1 0.223 -0.016 0.280 -0.019 0.328 -0.021 
DDQRD2 0.248 -0.016 0.303 -0.018 0.342 -0.019 
DDQRD3 0.238 -0.015 0.302 -0.018 0.351 -0.019 
DDQRD4 - - 0.270 -0.017 0.324 -0.019 
DDQRD5 - - 0.265 -0.018 0.312 -0.020 
DDQRD6 0.221 -0.015 0.293 -0.019 0.338 -0.020 

DDQRD7 0.212 -0.014 0.280 -0.017 0.331 -0.019 
DDQRD8 0.232 -0.015 0.303 -0.018 0.348 -0.019 
DDQRD9 0.229 -0.015 0.300 -0.018 0.345 -0.020 

DDQRD10 0.205 -0.014 0.279 -0.018 0.329 -0.020 

Table 5.3: HSLA IPPS forming limit strains for RD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

HSLARD1 0.182 -0.008 0.223 -0.010 0.256 -0.011 

HSLARD2 0.186 -0.009 0.228 -0.010 0.258 -0.011 

HSLARD3 0.175 -0.008 0.221 -0.010 0.256 -0.011 

HSLARD4 0.156 -0.008 0.215 -0.010 0.251 -0.011 

HSLARD5 0.179 -0.009 0.222 -0.010 0.254 -0.011 

HSLARD6 0.170 -0.009 0.217 -0.010 0.250 -0.011 

HSLARD7 - - - - - - 

HSLARD8 0.190 -0.009 0.230 -0.010 0.262 -0.011 

HSLARD9 0.178 -0.008 0.204 -0.009 0.241 -0.010 

HSLARD10 0.166 -0.008 0.214 -0.009 0.248 -0.010 
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Table 5.4: DP600 IPPS forming limit strains for RD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

DP600RD1 0.114 -0.005 0.150 -0.006 0.173 -0.007 

DP600RD2 0.118 -0.005 0.152 -0.006 0.175 -0.006 

DP600RD3 0.117 -0.005 0.149 -0.006 0.173 -0.006 

DP600RD4 0.117 -0.005 0.149 -0.006 0.173 -0.006 

DP600RD5 0.121 -0.006 0.152 -0.007 0.178 -0.007 

DP600RD6 0.118 -0.005 0.151 -0.006 0.175 -0.007 

DP600RD7 0.119 -0.005 0.153 -0.006 0.176 -0.006 

DP600RD8 0.122 -0.005 0.152 -0.006 0.175 -0.006 

DP600RD9 0.117 -0.005 0.149 -0.006 0.172 -0.006 

DP600RD10 0.117 -0.006 0.151 -0.007 0.174 -0.007 

 

Table 5.5: DP780 IPPS forming limit strains for RD evaluated using the difference in 

strain forming limit criterion. 

Test % Difference in Strain 

 5 9 13 

 Major Minor Major Minor Major Minor 

DP780RD1 0.084 -0.004 0.115 -0.005 0.133 -0.005 

DP780RD2 0.083 -0.003 0.111 -0.005 0.133 -0.004 

DP780RD3 0.088 -0.004 0.111 -0.004 - - 

DP780RD4 - - - - - - 

DP780RD5 0.096 -0.005 0.119 -0.005 0.142 -0.008 

DP780RD6 0.082 -0.005 0.125 -0.006 0.142 -0.006 

DP780RD7 0.090 -0.005 - - - - 

DP780RD8 0.110 -0.004 0.132 -0.005 - - 

DP780RD9 0.113 -0.004 0.130 -0.005 0.145 -0.005 

DP780RD10 - - - - - - 
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Table 5.6: DDQ IPPS forming limit strains for RD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 
25 40 60 Test 

Major Minor Major Minor Major Minor 
DDQRD1 0.258 -0.018 0.315 -0.020 0.382 -0.022 

DDQRD2 0.272 -0.016 0.313 -0.018 0.368 -0.020 
DDQRD3 0.273 -0.017 0.332 -0.019 0.385 -0.020 
DDQRD4 0.263 -0.016 0.333 -0.019 0.386 -0.020 
DDQRD5 - - 0.301 -0.019 0.359 -0.021 
DDQRD6 0.269 -0.018 0.318 -0.020 0.377 -0.021 
DDQRD7 0.265 -0.016 0.318 -0.019 0.370 -0.020 
DDQRD8 0.271 -0.017 0.324 -0.019 0.379 -0.020 

DDQRD9 0.276 -0.017 0.324 -0.019 0.376 -0.020 
DDQRD10 0.270 -0.017 0.319 -0.019 0.378 -0.021 

 

Table 5.7: HSLA IPPS forming limit strains for RD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

HSLARD1 0.198 -0.009 0.238 -0.011 0.277 -0.011 

HSLARD2 0.200 -0.009 0.237 -0.010 0.278 -0.011 

HSLARD3 0.200 -0.009 0.240 -0.010 0.284 -0.011 

HSLARD4 0.206 -0.010 0.239 -0.011 0.287 -0.012 

HSLARD5 0.201 -0.009 0.234 -0.010 0.273 -0.011 

HSLARD6 0.197 -0.010 0.235 -0.011 0.271 -0.011 

HSLARD7 - - - - - - 

HSLARD8 0.203 -0.009 0.240 -0.010 0.284 -0.011 

HSLARD9 0.199 -0.009 0.235 -0.010 0.277 -0.011 

HSLARD10 0.194 -0.009 0.237 -0.010 0.269 -0.011 
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Table 5.8: DP600 IPPS forming limit strains for RD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

DP600RD1 0.143 -0.006 0.166 -0.007 0.194 -0.007 

DP600RD2 0.140 -0.005 0.167 -0.006 0.197 -0.006 

DP600RD3 0.138 -0.006 0.163 -0.006 0.194 -0.006 

DP600RD4 0.137 -0.006 0.164 -0.006 0.195 -0.006 

DP600RD5 0.144 -0.006 0.169 -0.007 0.200 -0.007 

DP600RD6 0.144 -0.006 0.168 -0.007 0.194 -0.007 

DP600RD7 0.145 -0.005 0.168 -0.006 0.196 -0.006 

DP600RD8 0.141 -0.006 0.160 -0.006 0.193 -0.007 

DP600RD9 0.148 -0.006 0.162 -0.006 0.189 -0.006 

DP600RD10 0.139 -0.006 0.163 -0.007 0.197 -0.007 

 

Table 5.9: DP780 IPPS forming limit strains for RD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

DP780RD1 0.107 -0.005 0.130 -0.005 - - 

DP780RD2 0.109 -0.005 0.130 -0.004 - - 

DP780RD3 0.103 -0.005 0.113 -0.005 - - 

DP780RD4 - - - - - - 

DP780RD5 0.107 -0.005 0.123 -0.006 - - 

DP780RD6 0.119 -0.006 0.129 -0.006 0.147 -0.006 

DP780RD7 0.109 -0.005 0.118 -0.005 - - 

DP780RD8 0.121 -0.005 0.135 -0.005 - - 

DP780RD9 0.117 -0.004 0.132 -0.005 - - 

DP780RD10 - - - - - - 
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Table 5.10: DDQ IPPS forming limit strains for TD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

DDQTD1 0.234 -0.014 0.296 -0.017 0.334 -0.018 

DDQTD2 0.238 -0.015 0.303 -0.018 0.350 -0.019 

DDQTD3 0.222 -0.012 0.286 -0.014 0.329 -0.016 

DDQTD4 0.217 -0.013 0.285 -0.016 0.332 -0.018 

DDQTD5 0.218 -0.013 0.289 -0.017 0.334 -0.019 

 

 

 

Table 5.11: HSLA IPPS forming limit strains for TD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

HSLATD1 0.163 -0.007 0.201 -0.009 0.230 -0.010 

HSLATD2 0.156 -0.009 0.194 -0.011 0.223 -0.012 

HSLATD3 0.161 -0.008 0.205 -0.010 0.233 -0.011 

HSLATD4 0.160 -0.003 0.203 -0.010 0.233 -0.010 

HSLATD5 0.168 -0.008 0.209 -0.009 0.236 -0.010 
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Table 5.12: DP600 IPPS forming limit strains for TD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

DP600TD1 0.108 -0.007 0.136 -0.007 0.157 -0.008 

DP600TD2 0.095 -0.006 0.130 -0.007 0.155 -0.008 

DP600TD3 0.087 -0.005 0.115 -0.006 0.137 -0.006 

DP600TD4 0.104 -0.006 0.130 -0.007 0.152 -0.008 

DP600TD5 0.106 -0.006 0.134 -0.007 0.155 -0.008 

 

 

Table 5.13: DP780 IPPS forming limit strains for TD evaluated using the difference in 

strain forming limit criterion. 

% Difference in Strain 

5 9 13 
Test Major Minor Major Minor Major Minor 

DP780TD1 0.112 -0.006 - - - - 

DP780TD2 0.108 -0.005 0.129 -0.005 0.144 -0.005 

DP780TD3 0.100 -0.005 0.120 -0.006 - - 

DP780TD4 0.117 -0.005 0.135 -0.006 0.145 -0.006 

DP780TD5 0.112 -0.005 0.137 -0.006 0.155 -0.006 
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Table 5.14: DDQ IPPS forming limit strains for TD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

DDQTD1 0.270 -0.016 0.313 -0.017 0.354 -0.018 

DDQTD2 0.276 -0.017 0.333 -0.019 0.383 -0.020 

DDQTD3 0.275 -0.014 0.301 -0.015 0.371 -0.017 

DDQTD4 0.279 -0.016 0.316 -0.017 0.367 -0.019 

DDQTD5 0.269 -0.016 0.316 -0.018 0.371 -0.020 

 

 

 

Table 5.15: HSLA IPPS forming limit strains for TD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

HSLATD1 0.190 -0.009 0.216 -0.009 0.245 -0.010 

HSLATD2 0.175 -0.010 0.211 -0.011 0.242 -0.012 

HSLATD3 0.190 -0.010 0.218 -0.010 0.245 -0.011 

HSLATD4 0.189 -0.009 0.221 -0.010 0.256 -0.011 

HSLATD5 0.183 -0.008 0.233 -0.010 0.255 -0.010 
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Table 5.16: DP600 IPPS forming limit strains for TD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

DP600TD1 0.121 -0.007 0.150 -0.008 0.174 -0.008 

DP600TD2 0.131 -0.007 0.150 -0.008 0.175 -0.008 

DP600TD3 0.111 -0.006 0.137 -0.006 0.166 -0.007 

DP600TD4 0.112 -0.007 0.146 -0.008 0.169 -0.008 

DP600TD5 0.123 -0.007 0.150 -0.007 0.172 -0.008 

 

 

Table 5.17: DP780 IPPS forming limit strains for TD evaluated using the difference in 

strain rate forming limit criterion. 

% Difference in Strain Rate 

25 40 60 
Test Major Minor Major Minor Major Minor 

DP780TD1 0.124 -0.006 - - - - 

DP780TD2 0.115 -0.005 0.128 -0.005 0.152 -0.005 

DP780TD3 0.109 -0.006 0.129 -0.006 - - 

DP780TD4 0.125 -0.006 0.138 -0.006 0.152 -0.006 

DP780TD5 0.123 -0.006 0.141 -0.006 0.155 -0.005 
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Table 5.18: Average forming limit strains for RD evaluated using the difference in strain 

criterion. 

% Difference in Strain 
5 9 13 

Material Major Minor Major Minor Major Minor 

DDQ 0.226 -0.015 0.288 -0.018 0.335 -0.019 
HSLA 0.170 -0.008 0.219 -0.010 0.253 -0.011 
DP600 0.118 -0.005 0.151 -0.006 0.174 -0.007 
DP780 0.093 -0.004 0.120 -0.005 0.139 -0.006 

  

 

Table 5.19: Average forming limit strains for TD evaluated using the difference in strain 

criterion. 

% Difference in Strain 
5 9 13 

Material Major Minor Major Minor Major Minor 
DDQ 0.229 -0.014 0.291 -0.016 0.335 -0.018 
HSLA 0.162 -0.007 0.203 -0.010 0.232 -0.010 
DP600 0.100 -0.006 0.129 -0.007 0.151 -0.007 
DP780 0.112 -0.005 0.130 -0.005 0.148 -0.006 
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Table 5.20: Average forming limit strains for RD evaluated using the difference in strain 

rate criterion. 

% Difference in Strain Rate 
25 40 60 

Material Major Minor Major Minor Major Minor 
DDQ 0.269 -0.017 0.320 -0.019 0.376 -0.021 

HSLA 0.200 -0.009 0.237 -0.010 0.278 -0.011 
DP600 0.141 -0.006 0.165 -0.006 0.195 -0.007 
DP780 0.112 -0.005 0.126 -0.005 0.147 -0.006 

 

 

Table 5.21: Average forming limit strains for TD evaluated using the difference in strain 

rate criterion. 

% Difference in Strain Rate 
25 40 60 

Material Major Minor Major Minor Major Minor 
DDQ 0.274 -0.016 0.314 -0.017 0.367 -0.019 
HSLA 0.186 -0.009 0.220 -0.010 0.250 -0.011 
DP600 0.120 -0.007 0.147 -0.007 0.171 -0.007 
DP780 0.121 -0.006 0.134 -0.005 0.153 -0.006 

 

 

Table 5.22: Average major and minor engineering strains for the RD and TD evaluated 

using the local necking forming limit criterion.  

RD TD 

Material Major Minor Major Minor 

DDQ 0.472 -0.022 0.476 -0.018 

HSLA 0.345 -0.012 0.341 -0.012 

DP600 0.255 -0.007 0.251 -0.008 

DP780 0.118 -0.005 0.142 -0.006 
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Table 5.23: 95% confidence intervals in major engineering strain for difference in strain 

and difference in strain rate criteria forming limits tested in the RD. 

% Difference in Strain % Difference in Strain Rate   
Material 5 9 13 25 40 60 

DDQ 0.027 0.028 0.024 0.011 0.018 0.016 

HSLA 0.022 0.015 0.012 0.007 0.005 0.012 

DP600 0.008 0.004 0.004 0.007 0.005 0.006 

DP780 0.024 0.017 0.011 0.013 0.015 NA 

* NA – Not Available 

 

 

Table 5.24: 95% confidence intervals in major engineering strain for difference in strain 

and difference in strain rate criteria forming limits tested in the TD. 

% Difference in Strain % Difference in Strain Rate   
Material 5 9 13 25 40 60 

DDQ 0.024 0.015 0.015 0.016 0.021 0.018 
HSLA 0.008 0.011 0.010 0.011 0.014 0.012 
DP600 0.017 0.016 0.016 0.017 0.011 0.007 

DP780 0.016 0.014 0.011 0.015 0.010 0.003 

 

 

Table 5.25: 95% confidence intervals in major and minor engineering strains for the RD 

and TD evaluated for the local necking criterion forming limits.  

RD TD 

Material Major Minor Major Minor 

DDQ 0.034 0.001 0.023 0.011 

HSLA 0.025 0.001 0.019 0.002 

DP600 0.074 0.001 0.023 0.001 

DP780 0.024 0.001 0.033 0.001 
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Figure 5.1: Plot of major principal engineering strain versus time in the necked row and 

top and bottom (T/B) rows for the DDQTD2 sample that has failed 

completely. 
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Figure 5.2: Plot of major principal engineering strain versus time in the necked row and 

top and bottom (T/B) rows for the HSLATD1 sample that has failed 

completely. 
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Figure 5.3: Failed DDQ sample number DDQTD2 showing the formation of the neck in 

the center of the sample.  
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Figure 5.4: Failed HSLA sample number HSLATD1 showing the formation of the neck 

in the center of the sample.  
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Figure 5.5: Plot of major engineering strain versus time in the neck and top and bottom 

(T/B) rows for the DP600RD2 and DP780RD3 samples that have failed 

completely. 



Chapter 5 Experimental Results 128 

 

  

 

 

 

Figure 5.6: Failed DP600 sample number DP600RD2 showing the formation of the neck 

in the center of the sample.  
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Figure 5.7: Failed DP780 sample number DP780RD3 showing the formation of the neck 

in the center of the sample.  
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Figure 5.8: Forming limit diagram showing the strain paths from the RD plane strain 

tests on the four project steels. 
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Figure 5.9: Image of DDQTD3 sample after 219 seconds which corresponds to the time 

at which the local necking forming limit strain is predicted. 
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Figure 5.10: Image of DDQTD3 sample after 223.4 seconds which corresponds to the 

time at which the local neck can be first physically detected. 
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Figure 5.11: FLD showing the strain paths for the four sheet steels tested in this research 

along with the corrected Keeler-Brazier FLC that corresponds to the 

calculated local necking forming limit strain for each steel. 
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Figure 5.12: FLSD for DDQ steel showing the stress path that the material followed 

during the IPPS testing and the predicted DDQ FLSC based on the 

corrected Keeler-Brazier DDQ FLC. 
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Figure 5.13: FLSD for HSLA steel showing the stress path that the material followed 

during the IPPS testing and the predicted HSLA FLSC based on the 

corrected Keeler-Brazier HSLA FLC. This plot includes stress data from 

the full-scale THF tests completed at the University of Waterloo. 
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Figure 5.14: FLSD for DP600 steel showing the stress path that the material followed 

during the IPPS testing and the predicted DP600 FLSC based on the 

corrected Keeler-Brazier DP600 FLC. This plot includes stress data from 

the full-scale THF tests completed at the University of Waterloo. 
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Figure 5.15: FLSD for DP780 steel showing the stress path that the material followed 

during the IPPS testing and the predicted DP780 FLSC based on the 

corrected Keeler-Brazier DP780 FLC. 
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Chapter 6 

Discussion 

This chapter comments on issues related to the test apparatus and sample geometry used 

in the experimental method described in Chapter 4. It discusses in more detail the results 

presented in Chapter 5, as well as compares the difference-based and local forming limit 

results to existing sheet steel forming limit estimates. A comparison of forming limit 

stress results from Chapter 5 with external results is also discussed. 

6.1 Test Apparatus and Sample Geometry 

The IPPS test apparatus that was first conceived by Valletta [2] and modified to work 

with the testing method described in Chapter 4, performed well in gathering formability 

data for the four automotive sheet steels tested. By using a digital camera with 6.0 mega-

pixel resolution, the error associated with the data capture and analysis for a 95% 

confidence interval on a single strain measurement was reduced from ± 0.02 engineering 

strain (reported by Valletta) to ± 0.0007 engineering strain. The addition of the screw 

adjust mechanism, described in Section 4.1, provided a simplified way to maintain a 

constant pressure on the sample as it was being placed into the grips and when load was 
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first applied. The inclusion of an in-view clock provided a means for measuring strain 

rate during each test for subsequent use in the difference in strain rate forming limit 

criterion. 

The IPPS test sample geometry that was employed for this research proved to be a 

good choice. The sample had a wide enough gauge section (refer to Figure 4.4) that a 

condition very close to plane strain deformation was achieved in the gridded section of 

the sample during testing (see Figure 5.8). The positioning of the array of dots allowed 

the samples to form a neck between two rows of dots so that the strain measurement 

could be easily calculated.  

6.2 Difference Forming Limit Criteria 

The value of the two difference-based objective forming limit criteria to predict forming 

limit strains in sheet steel was realized. The difference in strain and strain rate criteria 

both provided a non-subjective method for directly comparing the forming limit strains of 

the four steels under study. For any of the difference in strain or difference in strain rate 

levels, the formability of the four steels could be directly compared. For example, Table 

5.18 indicates that at the 5% difference in strain level the DDQ steel has the highest 

formability with an achievable major engineering strain of 0.226 in the RD. Both the 

difference in strain and difference in strain rate criteria indicated that the DDQ steel had 

the highest formability followed in order by the HSLA, DP600 and DP780 steels. 
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Since the difference levels for both the strain criterion and strain rate criterion 

were chosen arbitrarily there can be no direct comparison between forming limit strains 

that are predicted by the two methods. However, the difference levels could be adjusted 

so that a given percent difference in strain would predict the same forming limit strain as 

a given percent difference in strain rate. Also the difference levels were not chosen to 

correspond with any existing forming limit strain predictions obtained by alternative 

means. For instance, the Keeler-Brazier [24] approximation predicts that failure in sheet 

steel can be described by a general shaped FLC (see Figure 2.10). The FLC’s minimum is 

given by FLC0 which is determined using Equation 2.11. All of the percent differences in 

both strain and strain rate reported in this thesis would under-predict the plane strain 

forming limits obtained using the Keeler-Brazier approximation. Thus, they would 

produce a conservative estimate of the steels’ forming limits. 

6.2.1 Difference Forming Limit Comparison 

The difference-based objective forming limit strain results for the four sheet steels, 

presented in Chapter 5, were compared with forming limits calculated by Sorine [34] 

based on free expansion tube burst tests. The strain paths that result from the free 

expansion tube burst tests are very close to plane strain, making them ideal for 

comparison with the IPPS test results obtained in this thesis. Figures 6.1 to 6.4 illustrate 

the FLDs for the DDQ, HSLA, DP600 and DP780 steels, respectively. These figures 

show the strain paths obtained during IPPS testing along with predicted FLCs from sheet 



Chapter 6 Discussion 141 

 

  

and tube n-values estimated using the Keeler-Brazier approximation. The figures also 

show the predicted FLCs from hydroforming FEM simulations and experimental results 

of free expansion burst tests on straight steel tubes. The free expansion tube burst tests 

and simulations were completed by Sorine [34] at the University of Waterloo on tubes 

made from the same sheet steels examined in this thesis. There were two calculated FLCs 

from the free expansion tube burst test results: one corresponding to the strain at 

maximum internal tube pressure and the second matching the strain at the tube’s burst 

pressure.  

Referring to Figures 6.1 to 6.4, it is clear that the strain at which the maximum 

and burst pressure FLCs cross the strain paths is different for each of the four steels 

tested. It was found that both the percent difference in strain and strain rate objective 

forming limit criteria could be adjusted to predict the points where the maximum and 

burst pressure FLCs crossed the tested strain paths. However, the percent difference 

levels were found to be specific for each steel tested. Table 6.1 illustrates the percent 

difference in strain between the necked row and the average strain in the top and bottom 

rows for the four sheet steels tested. The percent difference was evaluated at a strain level 

which corresponded to the maximum pressures and the burst pressures shown in Figures 

6.1 to 6.4. Thus, the difference in strain and strain rate forming limit criteria are not 

applicable for predicting failure in free expansion tube burst tests for the four sheet steels 

under study. 
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6.3 Local Necking Forming Limit Criterion 

The local necking forming limit criterion predicted failure in the steel by comparing the 

average strain in the grid rows directly above and below the necked grid row to the strain 

in the necked row (see Figure 4.12). This criterion stipulated that once the average strain 

from the top (above) and bottom (below) rows reached a maximum and then leveled off, 

the corresponding strain in the necked region was selected as the local necking forming 

limit strain. At this critical point, the strain begins to localize within the neck region of 

the sheet sample and failure of the material is imminent. 

It was found that the local necking forming limit criterion worked well for the 

DDQ and HSLA steels since both steels showed clear evidence that the average strain in 

the top and bottom rows leveled (see Figures 5.1 and 5.2) near the end of the tests. 

However, in the case of the DP600 and DP780 steels, the material fails so quickly that the 

localization of strain within the neck region cannot be captured (see Figure 5.5) by a 

digital camera taking images at a rate of 2.5 frames per second. The local necking 

forming limit criterion was, however, able to predict the local forming limit strains for the 

DP600 steel tested in the TD and the DP780 steel tested in both RD and TD with a small 

level of statistical error (see Table 5.25). 

The forming limit strains for the DP600 and DP780 steels were predicted based 

on the maximum average strain in the top and bottom rows since there was no evidence 

of a strain plateau. The errors reported in Table 5.25 show that there is more deviation in 

the predicted local forming limit strain in the DP600 steel’s RD compared to the TD. The 
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error is also higher than that calculated for the local forming limit strains for the other 

three materials by approximately 2 times. This indicates that the DP600 material failed at 

more irregular strain levels in the RD than in the TD during the IPPS tests. A high error is 

expected in the DP600 material since the material localizes quickly and a plateau in the 

average strain in the top and bottom rows could not be captured. However, the error 

associated with the local forming limit strains for the RD and TD of the DP780 steel is 

relatively low, thus showing that the DP780 material failed at a more consistent strain 

level during the IPPS tests. The relatively low error results for the DDQ and HSLA 

shown in Table 5.25 indicated that the two steels also failed at consistent strain levels 

throughout the IPPS tests.  

6.3.1 Local Necking Forming Limit Comparison 

The local necking forming limit strain results for the four sheet steels (from Chapter 5) 

were compared with the predicted Keeler-Brazier sheet steel forming limits. Figures 6.1 

to 6.4 illustrate the FLDs for the DDQ, HSLA, DP600 and DP780 steels, respectively. 

These figures show the strain paths that resulted during testing and the forming limit 

curves that were predicted using the Keeler-Brazier approximation for both sheet and 

tube material n-values. The tube FLCs are plotted for a comparison to the sheet FLCs 

only. The FLCs for the tubes are lower than the FLCs for the as-received sheet due to the 

lower n-values that result from work hardening when the tube is formed from a flat sheet. 

The FLCs that represent the free expansion tube burst test predictions are much lower 
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than the predicted FLCs based on the sheet and tube n-values. The strain paths followed 

by the four steel grades all reach their forming limit at strain levels below the predicted 

sheet FLCs. The strain path of the HSLA material crosses the predicted tube FLC as 

shown in Figures 6.2. However, a correlation between the local necking forming limit 

strain and the tube FLC is not suitable since the forming limit strains were measured on 

flat sheet samples. The DP780 local necking forming limit strain path is significantly 

lower than the predicted DP780 sheet FLC. The reason for this large discrepancy is 

unclear; however, one likely possibility is that the DP780 material failed so quickly that 

the true local forming limit was not captured. 

It can be seen that the calculated local necking forming limit strains obtained in 

this thesis provide an under-prediction of the sheet steels’ formability when compared to 

the sheet forming limits predicted by the Keeler-Brazier approximation. This is expected 

for two reasons. The first is that the local necking forming limit criterion predicts failure 

in the sheet material before a visible neck can be detected in the deformed sheet sample. 

It was found that by using the local necking forming limit criterion, forming limit strains 

were predicted at engineering strain levels of 3-7% less than when a visible neck could be 

detected. The second reason why the forming limits are under-predicted is that the 

Keeler-Brazier approximation is based on predicting forming limits using out-of-plane 

hemispherical dome tests and the IPPS tests employed in this thesis provides in-plane 

deformation. As mentioned in Section 2.2.1 the forming limits from in-plane deformation 

tests are between 5-8% [13, 16] less than limit strains found using out-of-plane forming 
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tests. Thus, the predicted local forming limit strains obtained in this research would 

correspond more closely to the Keeler-Brazier approximations if these differences in 

forming limit predictions are taken into consideration. 

An attempt was made to determine if a common percent difference in either strain 

or strain rate could be calculated to predict the local plane strain forming limit strain for 

all four of the sheet steels. It was found that, for each of the materials, the calculated 

percent difference in both strain and strain rate was different. Thus, it would appear that a 

specific percent difference in strain or strain rate cannot be used to predict the local 

forming limit strain for a variety of sheet steels. 

6.4 Critical Strain Paths 

The two critical strain path histories for the THF operations completed at the University 

of Waterloo have been identified in Chapter 5. No multi-path testing was completed in 

the current study since the compressive strain in the first strain path history could not be 

replicated using the IPPS experimental test method. However, the critical path for the 

second strain history was replicated through the IPPS testing that has been completed 

herein.  

6.5 Tube Hydroforming Data Comparison 

The strain results from the full-scale THF tests [34] were converted into stress-space so 

that they could be compared with the predicted FLSCs generated from the local necking 
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forming limit strains reported in Table 5.22, as outlined in Sections 5.5 and 5.6. Figures 

5.13 and 5.14 illustrate how the predicted HSLA and DP600 FLSCs are very close to 

being able to predict failure in pre-bent and hydroformed HSLA and DP600 steel tubes. 

The predicted HSLA FLSC estimates failure for HSLA OEF and HSLA 0.25YS tests 

well. Only the data from the HSLA 0.50YS test exceed the predicted FLSC by a 

significant amount. Conversely, the predicted DP600 FLSC estimates failure for the 

DP600 0.50YS test the best. The data from the DP600 OEF and DP600 0.25YS tests only 

surpass the predicted DP600 FLSC by a small margin. It would appear that the local 

necking forming limit criterion under-predicts the true FLSCs for all end-feed levels on 

the tested HSLA and DP600 steels. Unfortunately no data was available for full-scale 

DDQ and DP780 steel hydroformed tubes.  

6.6 Strain Rate Comparison 

The engineering strain rate that was used for the IPPS testing in this thesis was nominally 

0.025 s
-1

 over the whole gauge region, which is an order of magnitude faster than the 

0.001 s
-1

 strain rate previously used by Valletta [2]. As is mentioned in Section 3.3, 

Valletta’s data suggests that the strain rate has no effect on the forming limit for similar 

DQ and DP600 sheet steels. Furthermore, the nominal 0.025 s
-1

 strain rate employed in 

this thesis is closer to the 0.04 s
-1

 strain rate used for the full-scale THF tests conducted at 

the University of Waterloo. It has been suggested that the strain rates associated with 
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real-world manufacturing THF processes are even faster than 0.04 s
-1

 [2], so further 

studies regarding strain rate should be carried out. 
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Table 6.1: The percent difference between the strain in the necked row and the average 

strain in the top and bottom rows for the four steels tested herein, evaluated at 

the strain which corresponds to the maximum and burst pressures as shown in 

Figures 6.1 to 6.4. 

% Difference in Strain 

Material 
Max 

Pressure 
Burst 

Pressure 

DDQ 13.1 1.0 

HSLA 7.0 2.5 

DP600 16.4 6.8 

DP780 DC DC 

* DC – Does not cross predicted FLC. 
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Figure 6.1: FLD of DDQ steel showing the tested strain path and FLCs predicted using 

tube and sheet n-values as well as the strain at the burst and maximum 

pressures for a free expansion tube burst simulation. 
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Figure 6.2: FLD of HSLA steel showing tested strain path and FLCs predicted using 

tube and sheet n-values as well as the strain at the burst and maximum 

pressures for a free expansion tube burst simulation. 
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Figure 6.3: FLD of DP600 steel showing tested strain path and FLCs predicted using 

tube and sheet n-values as well as the strain at the burst and maximum 

pressures for a free expansion tube burst simulation. 
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Figure 6.4: FLD of DP780 steel showing tested strain path and FLCs predicted using 

both tube and sheet n-values. 
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Chapter 7 

Conclusions and 

Recommendations 

7.1 Conclusions 

The following conclusions have been drawn from this thesis: 

• An experimental method, originally developed by Valletta [2], that tests the 

IPPS forming limits of small-scale sheet steel samples was modified to reduce 

the standard error in the results. 

• The 95% confidence interval on a single strain measurement was reduced to ± 

0.0007 engineering strain through use of a 6.0 mega-pixel digital camera. 

• Three objective forming limit criteria have been employed to directly compare 

the formability of DDQ, HSLA, DP600 and DP780 steels: a difference in 

strain, a difference in strain rate and a local necking forming limit criteria. 
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• All three objective forming limit criteria reported that the DDQ steel 

demonstrated the highest formability followed in order by the HSLA, DP600 

and DP780 steels. 

• The three forming limit criteria employed in this thesis are not applicable for 

predicting failure in free expansion tube burst tests. 

• The local necking forming limit criterion predicts a comparable failure limit to 

that predicted by the Keeler-Brazier approximation when the differences in 

evaluation method discussed in Section 6.3 are taken into account.  

• The two critical strain path histories for the THF tests completed at the 

University of Waterloo were identified as: a multiple strain path and a single 

strain path. The multi-path history consists of near uniaxial compression pre-

strain in the RD followed by circumferential plane strain in the TD. The single 

path history consists of only circumferential plane strain in the TD. 

• The local necking forming limit strains were used to predict strain-based 

FLCs which were then converted into stress-space to create FLSCs. The 

predicted HSLA and DP600 steel FLSCs exhibited a modest level of 

correspondence with the forming limits in the material when compared to 

stress data from full-scale THF tests. 
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7.2 Recommendations 

The following recommendations could be applied to future work in this area: 

• A camera with a higher capture rate and medium to high resolution could be 

used to better capture the local forming limits of the DP600 and DP780 steels. 

• The IPPS sample geometry should be modified to provide more clamping 

surface for the grips to hold the sample. This may provide more consistent 

failure of the sheet samples during testing. 

• Data from full-scale THF tests for the DDQ and DP780 steels should be 

compared to the predicted FLSCs converted from the strain based FLCs which 

utilize the local necking forming limit strains. 

• A more detailed (microstructural) study should be conducted to determine 

why the DP780 failed at such a low strain level during the IPPS tests. 

• Additional work should be conducted to look at the strain rate effect in IPPS 

tests using strain rates that more closely match those employed in real-world 

THF processes. 

• Multi-path strain testing could be completed to generate non-critical strain 

paths that occur on the outside of pre-bent and hydroformed tubes, e.g. near 

uniaxial pre-strain. 

 



 

 156   

References 

[1] S. Sadagopan. Formability Characterization of Advanced High-Strength Steels. Great 

Designs in Steel Seminar, 2004. 

[2] D. A. Valletta. In-Plane Plane Strain Testing of Sheet Materials for Multi-Stage 

Processes. M.Sc. Eng. thesis, Queen's University, Kingston, ON, Canada, 2005. 

[3] A. A. Konieczny. On Formability Assessment of the Automotive Dual Phase Steels. 

SAE Technical Paper, (2001-01-3075), 2001. 

[4] S. Holmberg, B. Enguist, P. Thilderkvist. Evaluation of Sheet Metal Formability by 

Tensile Tests. Journal of Material Processing and Technology, 145:72-83, 2004. 

[5] R. Hill. Mathematical Theory of Plasticity. Oxford University Press, Oxford, U.K., 

1950. 

[6] J. H. Hollomon. Transactions of the Metallurgical Society of AIME, 162:268, 1945. 

[7] R. Hill. On Discontinuous Plastic States, with Special Reference to Localized Necking 

in Thin Sheets. Journal of the Mechanics and Physics of Solids, 162:19-30, 1952. 

[8] S. P. Keeler. Circular Grid System – A Valuable Aid for Evaluating Sheet-Metal 

Formability. Sheet Metal Industries, 45(487):633-641, 1969. 

[9] R. S. Lee and Q. C. Hsu. Image-Processing System for Circular-Grid Analysis in 

Sheet-Metal Forming. Journal of Experimental Mechanics, 34(2):108-115, 1994.  

[10] C. C. Wang, J. Lee, L. W. Chen and H. Y. Lai. A New Method for Circular Grid 

Analysis in the Sheet Metal Forming Test. Journal of Experimental Mechanics, 

40(2):190-196, 2000.  

[11] S. P. Keeler. Advanced High Strength Steel Application Guidelines - Version 3. 

International Iron and Steel Institute, September 2006. 

[12] Z. Marciniak and K. Kuczynski. Limit Strain in the Process of Stretch-Forming Sheet 

Metal. International Journal of Mechanical Sciences, 9:609-620, 1967. 

[13] D. J. Lewison and D. Lee. Determination of Forming Limits by Digital Image 

Processing Methods. SAE Technical Paper, (1999-01-3168), 1999.  



References  157 

 

  

[14] S. S. Hecker. Simple Technique for Determining Forming Limit Curve. Sheet Metal 

Industries, 52(11):671-676, 1975. 

[15] G. M. Goodwin. Application of Strain Analysis to Sheet Steel Metal Forming Problems 

in the Press Shop. SAE Technical Paper, (680093), 1968. 

[16] K. S. Raghavan. A Simple Technique to Generate In-plane Forming Limit Curves and 

Selected Applications. Metallurgical and Materials Transactions A, 26A:2075-2084, 

1995. 

[17] A. K. Ghosh & S. S. Hecker. Stretching Limits in Sheet Metals: In-Plane Versus Out-

of-Plane Deformation. Metallurgical Transactions A, 5A:2161-2164, 1974. 

[18] R. H. Wagoner and N. M. Wang. An Experimental and Analytical Investigation of In-

Plane Deformation of 2036-T4 Aluminum Sheet. International Journal of Mechanical 

Science, 21:255-264, 1979. 

[19] R. H Wagoner. Measurement and Analysis of Plane-Strain Work Hardening,” 

Metallurgical Transactions A, 11A:165-175, 1980. 

[20] R. H. Wagoner and J. V Laukonis. Plastic Behavior of Aluminum-Killed Steel 

Following Plane-Strain Deformation. Metallurgical Transactions A, 14A:1487-1495, 

1983. 

[21] R. H. Wagoner and J. V Laukonis. Plastic Behavior of Dual Phase Steel Following 

Plane-Strain Deformation. Metallurgical Transactions A, 16A:421-425, 1985. 

[22] AutoGrid
®
 Vario Data Sheet, ViALUX website, www.vialux.de/, 2007. 

[23] ASAME 2D Model Data Sheet, ASAME Technology LLC website, 

www.asametech.com/, 2007. 

[24] S. P. Keeler and W. G. Brazier. Relationship Between Laboratory Material Properties 

and Press Shop Formability. Proceedings of Conference on Microalloy 75, 517-528, 

1977. 

[25] S. P. Keeler. Understanding Sheet Metal Formability. Sheet Metal Industry, 48(5-10), 

1971. 

[26] S. P. Keeler. Advances in Deformation Processing. Proceedings of the 21
st
 Sagamore 

Army Materials Research Conference, Plenum Press, New York, NY, 127-157, 1974. 

[27] J. N. Dyment. Effect of the bending process on hydroformingability of steel tubes. 

Master’s Thesis, University of Waterloo, 2004.  



References  158 

 

  

[28] Mike Vaughan. The Principles of Tube Bending. FABCanada, 1(4), 1988.  

[29] M. Sorine,  C. H. Simha, I. van Riemsdijk, M. J. Worswick. Failure Prediction in 

Hydroforming of Pre-Bent HSLA Tube, Using and Extended Stress-Based Forming 

Limit Curve. Proceedings from 2006 ASME Conference on Manufacturing Science and 

Engineering, Ypsilanti, MI, USA, October 8-11, 2006. 

[30] J. N. Dyment, M. J. Worswick, F. Normani, D. A. Oliveria, G. Khodayari. Effects of 

Endfeed on the Strain and Thickness During Bending and on the Subsequent 

Hydroforming of Steel Tubes. SAE Technical Paper, (2003-01-2837), Proceedings of 

IBEC, Japan, 2003. 

[31] N. Dwyer, M. J. Worswick, J. Gholipor, C. Xia, G. Khodayari. Pre-Bending and 

Subsequent Hydroforming of Tube: Simulation and Experiment. Proceedings of 

Numisheet 2002, Korea, 2002. 

[32] A. Bardelcik and M. J. Worswick. Numerical Investigation into the Effects of Bending 

Boost and Hydroforming End-Feed on the Hydroformability of DP600 Tube. SAE 

Technical Paper, (2005-01-0094), 2005. 

[33] M. Sorine, M. J. Worswick, D. A. Oliveira. Effect of End-feed in Hydroforming of 

Straight and Pre-bent High Strength and Advanced High Strength Steel Tube. SAE 

Technical Paper, (2006-01-0544), 2006. 

[34] M. Sorine. Tube Bending and Hydroforming of DDQ, HSLA350 and DP600 Steel 

Tube. Presentation at Auto 21 Group Meeting, December 19, 2006. 

[35] A. Graf and W. Hosford. Effect of Changing Strain Paths on the Forming Limit 

Diagrams of Al 2008 T4. Metallurgical Transactions A, 24A:2503-2512, 1993. 

[36] S. H. Lee and S. Kobayashi. The Effects of Strain Paths on the Stretching Limit Strains 

of Sheet Metal with Planar Anisotropy. Society of Manufacturing Engineers, pages 

591-596, 1975. 

[37] C. C. Chu and S. K. Samanta. On the Effect of Strain Path on the Formability of Sheet 

Metal. In: Experimental Verification of Process Models, American Society for Metals, 

pages 278-287, 1983. 

[38] S. A. Majlessi, X. H. Zhu, and E. C. Aifantis. The Effect of Strain Path on the 

Formability of Sheet Metals. In: Sheet Metal Forming Technology, 187-203, 1999. 



References  159 

 

  

[39] J. V. Laukonis and A. K. Ghosh. Effects of Strain Path Changes on the Formability of 

Sheet Metals. Metallurgical Transactions A, 9A:1849-56, 1978. 

[40] A. Graf and W. Hosford. The Influence of Strain-Path Changes on Forming Limit 

Diagrams of Al 6111 T4. International Journal of Mechanical Science, 36(10):897-

910, 1994. 

[41] R. Arrieux. Determination and Use of the Forming Limit Stress diagrams in Sheet 

Metal Forming. Journal of Material Processing Technology, 53:47-56, 1995. 

[42] R. Hill. A Theory of the Yielding and Plastic Flow of Anisotropic Metals. Proceedings 

of the Royal Society of London, 193A(1033):281-297, 1948. 

[43] T. B. Stoughton. A General Forming Limit Criterion for Sheet Metal Forming. 

International Journal of Mechanical Science, 42:1-27, 2000. 

[44] T. B. Stoughton. Stress-based Forming Limits in Sheet-Metal Forming. Journal of 

Engineering Technology, 123:417-422, 2002. 

[45] C. H. M. Simha, J. Gholipour, A. Bardelcik and M. J. Worswick. Application of an 

Extended Stress-Based Flow Limit Curve to Predict Necking in Tubular Hydroforming. 

Proceedings of NUMISHEET 2005, 778:511-516, 2005. 

[46] C. H. M. Simha, J. Gholipour, A. Bardelcik and M. J. Worswick. Prediction of Necking 

in Tubular Hydroforming Using an Extended Stress-Based Forming Limit Curve. 

Journal of Engineering Materials and Technology, 129:36-47, 2007 

[47] K. K. Chen. A Bursting Failure Criterion for Tube Hydroforming. SAE Technical 

Paper, (2002-01-0794), 2002. 

[48] K. K. Chen, R. J. Soldaat and R. M. Moses. Free Expansion Bulge Testing of Tubes for 

Automotive Hydroform Applications. SAE Technical Paper, (2004-01-0832), 2002. 

[49] K. K. Chen, J. J. Chen and X. M. Chen. Plane Strain Simulation for Corner Fill of 

Hydroforming Tubes in Oversized Die. SAE Technical Paper, (2005-01-0093), 2005. 

[50] K. K. Chen. Formability Predictions of Hydroformed AKDQ Steel Tubes by Various 

Burst Criteria. SAE Technical Paper, (2007-01-1690), 2007. 

[51] Mechanical Test Results for Auto 21 Project: Hydroforming of Advance High Stength 

Steels, Dofasco Steel and University of Waterloo, 2005. 



 

 160   

Appendix A 

Stress-Based Forming 

Limit Calculations 

This appendix describes the method used by Stoughton [42] to calculated a stress-based 

forming limit curve using the quadratic generally anisotropic plastic potential proposed 

by Hill [44]. Hill’s [44] plastic potential is a function of the normal anisotropy 

coefficients measured in the rolling, transverse and diagonal sheet directions (r0, r45, r90, 

respectively) and is given as follows: 

( ) ( ) ( ) 222222
222 xyxxyzyyxxxxzzzzyy NMLHGF σσσσσσσσσσ +++−−+−= , (A.1) 

where F, G, H, L, M and N are material constants. For the case on in-plane stress, the 

assumed condition in most sheet forming operations, Equation A.1 can be rewritten in 

terms of the normal anisotropy coefficients as: 
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where H is a material constant. H can be represented as r0/(1+ r90) so that the effective 

stress is equal to the true stress under uniaxial tension in the rolling direction. 
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 Stoughton [42] showed that for cases where the shear stress component is equal to 

zero, the stress and strain components along the x- and y-axis could be replaced with 

major and minor principal stresses and strains, respectively. Stoughton defined the ratio 

of σ2 to σ1 (σyy to σxx) as being equal to α using the following equation: 
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where β is the ratio of dε2/dε1 or ε2/ε1 as defined in Section 2.1. The ratio of effective 

stress to σ1 was represented by ξ through the following: 
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The ratio of effective strain to dε1 was represented by λ using the following equation: 
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 Stoughton used the well know Hollomon [5] power-law hardening model, given 

by Equation 2.3, to relate effective stress to effective strain. Using these equations 

Stoughton was able to successfully map forming limit strain data into stess-space to 

determine stress-based forming limits. 

 Finally, Stoughton developed equations for converting multi-path strain results 

into stress-space. If the pre-strain and final strain states are given by ( )ii 21 ,εε  and 

( )
ff 21 ,εε , where i and f denote initial and final strains, respectively, then the principal 

stresses become: 
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