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Abstract

In order to effectively and efficiently hydroform new automotivemponents, the
formability of new tubular steels must be evaluated. Standardiffigrtimit diagrams
have been used for decades to evaluate and predict the formabghget steel formed
along linear strain paths. However, tube hydroforming can presemtbé&eipr since the
pre-bending stage used in many hydroforming operations causeplenuitin-linear
strain paths.

This thesis has modified a formability test method that defemm|-scale sheet
steel samples in a single plane. The sample geometries veggaatesuch that the strain
paths achieved at the center of the samples were very ngdartigestrain condition. The
four steels chosen for this study were: a deep drawing q@2@D), a high strength low
alloy (HSLA) and two dual phase steels (DP600 and DP780). The saam
formability for each of the four steels was tested in both thieng and transverse
directions.

Three objective criteria were employed to evaluate and birecmpare the
formability of the four steels tested: difference in siydifference in strain rate and local
necking. The DDQ steel showed the highest formability followed derooy the HSLA,
DP600 and DP780 steels. The repeatability in determining the fotimigstrains using
the difference in strain, the difference in strain rate andab& 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 cozdpa results from

full-scale tube hydroforming operations and free expansion tube bststcarried out by



researchers at the University of Waterloo on the same fowarialat It was found that
local necking results could be used to predict failure of hydraddridSLA steel tubes
with low levels of end-feed. However, this same method could only ptéeidailure of
hydroformed DP600 steel tubes at higher levels of end-feed. Theedhyective criteria

were not found to be suitable for predicting failure of free expansion tube busst test
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The automotive industry of the 2Tentury demands the use of cutting edge materials
and manufacturing technology. The need for lightweight high strength alatecreases
as automotive manufacturers are driven to continually producei@upatomobiles that
have improved performance, higher fuel economy, and improved safety.néads
continues to drive the vehicles’ material selection process. olraprents in the design
of a vehicle’s chassis in particular are now being realitedugh the use of new
materials and manufacturing processes. There is a shift fooregtional low strength
steel (LSS) and high strength steel (HSS) to advanced higlytsirsteel (AHSS), also
referred to as ultra high strength steel.

AHSS offer significant advantages over LSS and HSS since adegaat
strength can now be achieved using thinner gauge material, thiltgh\gesr components
that are lighter [1,3]. There is one drawback, however; AHSSs lbaxgr formability
compared to LSSs and some HSSs. It is well known that as nsatecdaease in strength
their formability typically decreases. Figure 1.1 illustréates elongation versus strength

for various automotive grade steels. The graph shows a decreasteralngdongation

1



Chapter 1 Introduction 2

with increased strength. Though elongation is not a complete meddorenability, the
graph in Figure 1.1 demonstrates the formability trend for each of the masaoais.

New manufacturing methods such as tube bending and hydroforminmpare
being used to produce commercial vehicles. These processes allpartfopnsolidation
and part reduction over conventional methods such as stamping, press farmding
welding of multiple components. Hydroforming, in particular, provides eadless
opportunity to achieve multiple cross-sectional shapes in a dirgte A single tube can
be pre-bent and subsequently hydroformed to create an entire compmsentbly
instead of welding many smaller sheet metal sections togdtess welding typically
means improved component strength as well.

In order to take full advantage of new manufacturing operationd sisc
hydroforming, it is necessary to determine the forming lirftthe material. The use of
computer simulations to predict material behavior has helped teasscmanufacturing
lead time significantly. However, there is still a need todeaé these models with
experimental testing. Currently, material formability is relcéerized by maximum
allowable strains on a forming limit diagram (FLD). Howewbeese conventional FLDs
do not represent the multiple strain paths that result for maanufegtoperations that
pre-bend and subsequently hydroform a tube. Pre-strain in thaahften the bending
step limits the formability that can be achieved in the hgdnoing step. Producing full
scale prototype parts is far too costly and time consuming, thusne¢hods 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 iefiog a small-scale flat sheet
testing procedure based on work by Valletta [2], to evaluate e @train forming
limits of four automotive grade sheet steels using in-planeleéetsiormation. The four
steels chosen were: a LSS — deep drawing quality (DDQ) std¢8S — high strength
low alloy (HSLA) steel, and two AHSSs — dual phase (DP)ist&P600 and DP780.
The testing methodology will be refined to minimize the experialesrror. The small-
scale test samples will be approximately 85 mm x 50 mm, witliseom notch profile to
produce strain paths at the center of the test specimen vegytolgdane strain. The
plane strain strain path is of particular interest becausgiigsents the strain path which
produces the minimum forming limit strain on an FLD. For this methadarray of dots
will be applied to undeformed sheet samples to track deformation throutgsing.
Images will be captured throughout the deformation tests using adsglution digital
camera, post-processed and analyzed to determine the material formisg limi

The second objective is to create a method for comparing the nekdsureng
limit strains of different sheet materials that is regaatand has minimal error. This
method will attempt to remove all subjectiveness involved withdiermination of
material forming limits. It will use three criteria to cpare forming limits between
different materials: a difference in strain criterion, deslénce in strain rate criterion and

a local necking criterion.
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The third objective is to identify the critical strain patesariated with full-scale
experimental simulations of an automotive tube bending and hydroigroperation
being completed at the University of Waterloo with the same ateengrade steels as
used herein. Once these paths are known, an attempt will be madefdom either
single or multi-path forming limit testing using small-scateet samples. This testing
will attempt to replicate the strain paths produced in the fallestube hydroforming
tests. These small-scale strain results will then be compasgdhin results from the full-
scale tube bending and hydroforming operation.

The fourth objective is to compare the measured plane straimfpfimit results
from the four automotive grade sheet steels tested to plaaia sdsults obtained by
researchers at the University of Waterloo based on free erpandie burst tests using
the same automotive grade steels. This thesis will deterntiather plane strain forming
limit results from small-scale sheet samples testedaneptan be used to predict failure
in tube burst tests. Forming limit strain results from thseaech will then be converted
into stress space to compare with forming limit stress tesbitained 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 foriigbi
experimental sheet formability testing, the tube hydroformingcge® and
multiple strain path effects.

Chapter 3 summarizes the materials employed in this study alongthgtin mechanical
properties and microstructures.

Chapter 4 discusses the experimental procedure used for this researclingi¢te test
apparatus and sample geometries employed.

Chapter 5 presents the results that have been obtained through the experirestitg
completed in this study.

Chapter 6 expands on the data gathered in this thesis through a discussion exitte r
as well as a comparison with full-scale results obtained by otkearchers at the
University of Waterloo.

Chapter 7 summarizes the conclusions drawn from this research and offere s

recommendations for improvements in the methodology.
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Figure 1.1: Comparison of tensile strength and elongation for various autongrade
steels [1].



This chapter introduces the methodology for determining the fornyabila given sheet
material. It describes the different testing practices agaisarement techniques that have
been and are currently being used to determine sheet mébemalbility. The effects
that multiple or varying strain paths can have on sheet formahil@ydiscussed. This
chapter also gives background regarding the tube bending and hydrafoprocess

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 galstrains that are produced
in the sheet as a result of various forming operations. The raagbminor principal
strains often correspond with the rolling and transverse sheetialie¢RD and TD).
The standard approach for quantifying the formability of a given sheetiaias through
an FLD. An FLD is generated by plotting the major strain vs. mstoain values
obtained in the plane of the sheet material in 2D strain spacee ®imins can be

represented as either engineering or true strains. The lingiiiagns on an FLD form a

7



Chapter 2 Literature Review 8

threshold which is known as the forming limit curve (FLC). An exantilD for DP600
steel is shown in Figure 2.1. The FLC represents a boundary betveesafé and failed
forming regions on an FLD. The safe region is represented bgréaebelow the curve
where the material does not exhibit visible necking. Thedaibgion refers to the area
above the curve where the material has begun to form a visib#d) (feeck; hence, the
material begins to lose its strength.

The FLC on an FLD represents a wide range of forming limatirst that are
predicted when sheet material is deformed along linean teahs. These strain paths
range from uniaxial tension to plane strain to equi-biaxial tens®illustrated in Figure
2.2, which shows an example of a theoretical FLD plotted in terrrs@ftrains, rather
than engineering strains [4]. These linear strain paths can bebeaesby the ratio of

minor true strain () to major true strain () where:
b=—=. (2.1)

A path where -0.5 < < 0 results in drawing of the sheet material. When 0 a
condition of plane strain is achieved and when 0 < 1 the material is stretched in

biaxial tension.

2.1.1 Theoretical Forming Limit Criteria

Critical levels of deformation, so-called sheet forming limdan be characterized by
both the diffuse necking and the local necking states. Diffuse neddogrs when

uniform deformation stops, as the material reaches its maxinangth. The local
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necking condition is reached when the strain rate in any one dineetion reduces to
zero.

Following Hill [5], it can be shown that in a uniaxial tension,tdgfuse necking
corresponds to deformation at the point of maximum loadifrg=(0), otherwise known
as the Considére condition. At this point the Considére condition is given by:

ds,

e (2.2)

S, =

Assuming that the material is plastically isotropic and carepeesented by a Hollomon
[6] power-law hardening model which is given by:

s, =Ke", (2.3)
where K is a constant and is the strain hardening exponent, Equation 2.2 can be
substituted into Equation 2.3 to produce:

e =n. (2.4)

Equation 2.4 predicts the diffuse necking criterion in terms of tnaéns This equation
demonstrates the effect that the strain hardening expandras on delaying the onset of
diffuse necking. In fact, it can be shown that regardless ohgbeth (i.e. from uniaxial
tension to equi-biaxial tension), the onset of diffuse necking oedues Equation 2.4 is
satisfied.

For local necking, Hill [7] suggested that this condition occurshiget material
when the true strain rate in some characteristic directitimeiplane of the sheet reduces

to zero,d » = 0. Thus, the magnitude of the through-thickness strain is efual (
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opposite in sign) to the major principal strain in the plane of thetsker an isotropic

material under uniaxial tension the through-thickness strain incrementesented as:
de, =- —=. (2.5)

The Considere condition must also be satisfied for local neckingdur. Thus the local

necking criterion is satisfied in a uniaxial tensile test when:
—)=—, (2.6)

By substituting Equation 2.6 into Equation 2.3 Hifl]l demonstrated that the local
necking criterion for a power-law hardening matetested under uniaxial tension is
given by:

e =2n. (2.7)
Hill's [7] local necking theory can only be applignlthe range of strain paths on the left
hand side of an FLD from uniaxial tension to plat®in. This local necking condition
can be found by evaluating:

oo N
1T ar )’

(2.8)
where 0 (left-hand side of FLD). Figure 2.3 shows th&udie and local necking
theories predicted by Hill [5,7] compared to an exmental FLC. It is evident that the

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

experimental FLC.
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2.1.2 Plastic Anisotropy

Plastic anisotropy is related to the crystallograpéxture of a material’s microstructure
after it has under gone processing (e.g., rollingaimnealing). It is a measure of the
preferred grain orientations in the material and libey react under deformation. It can
be represented as either normal or planar anisptidprmal anisotropy measures a
material’s ability to resist thinning during a uxi@ tension test using the Lankford
parameter:

r=bw (2.9)
&

where ,, t, are the strains in the width and thickness dwest respectively. The-
value is typically measured in the 0°, 45° and<9@%et directions. Planar anisotropy is a
measure of how thevalue varies with respect to the different sheetations.

Up to this point, necking has been described basemssuming isotropic material
properties. In many sheet materials this is notctse, and an anisotropic material model
is required. If anisotropic material properties aomsidered it can be shown that Hill's
[7] local necking theory given in Equation 2.7 ¢arearranged to give:

e =(1+r)n. (2.10)

2.2 Experimental Sheet Forming Limit Tests

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

analytically. Experimentally, an FLD is determinedm a grid of circles, lines or dots
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that has been applied to the surface of the staeple prior to the forming operation.
These grids provide a basis for the measuremelocaf strains. The deformed grids are
measured and then compared to the original grid &izdetermine the principal strain
levels. The grids can be applied using differenthtéques, typically either
electrochemical etching or silk screen printind@{20].

Normally, forming limit strains are determined expentally by performing
either out-of-plane or in-plane forming tests cat #heet samples. For clarity, the plane
being referred to is the plane made by the RD dbaflthe material as shown in Figure
2.4. The more conventional out-of plane forming tgpically uses a 4-inch diameter
hemispherical punch to form a dome in sheet mataldes that are clamped around their
circumference as shown in Figure 2.5. The hemisgdlepunch deforms the material
out-of-plane creating a curved surface on the slepeticimens, which makes the
measuring of deformed grids more difficult. Thuse tconcept of performing in-plane
formability tests was first adopted by Marciniakdakuczynski [12] to allow deformed
grids to be measured all on one flat surface. Tingplane forming test employed a flat
punch that deformed the sample indirectly by apgypressure through a circular washer
to reduce friction from the punch, allowing the era&l at the center of the sample to
deform freely. Figure 2.6 illustrates the in-platest setup used by Marciniak and
Kuczynski.

The sample geometry required to produce a givexinspath on an FLD varies

according to the strain path. Figure 2.7 shows g@kesnof the sample geometries needed
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to produce strain paths ranging from uniaxial tensio plane strain to equi-biaxial
tension for out-of-plane forming tests. The thirinemmples, shaped like an hour glass,
are used to generate uniaxial strain paths, whiewidest square samples are used to
generate equi-biaxial tension. The rest of the $esn@are needed to generate the various
strain paths in between these two extremes. Sewesahrchers [8,13-17] have shown
that by varying the sample geometry, forming listiains can be obtained for all linear

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

2.2.1 Out-of-plane vs. In-plane

Even though in-plane forming tests show a significedvantage in allowing strains to be
measured on a flat surface, out-of plane formirgistare still used as the industry
standard method for evaluating sheet material fogmimits. However, limit strains

produced from out-of-plane forming tests have bskown to depend on the tooling
geometry and friction [16,17]. Variables such aagburadius and lubrication types have
a significant effect on out-of-plane forming tesisults. Lewison and Lee [13] and
Raghavan [16] have developed modified Marciniak Endzynski (MK) [12] tests that

allow the sample material to deform freely “in pdamwith less effect of tool geometry

and friction. Figure 2.8 shows examples of the damgpometries employed to produce
strain paths ranging from uniaxial tension to platr@ain to equi-biaxial tension for the

modified in-plane MK forming tests.
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Lewison and Lee [13] and Raghavan [16] have caoetinresearch using similar
in-plane forming tests. A picture of the experinamtpparatus employed by Lewison and
Lee [13] is shown in Figure 2.9. These in-planemioig limit tests showed that the
material forming limits were more sensitive to tthefects within the material [13,16]
than with tool geometry and friction. Lewison andelL[13] performed a comparison
study of out-of-plane vs. in-plane forming testsd dound that the out-of-plane tests
produced forming limit strains that were 4-8% higltiean in-plane tests on the same
sheet material. This effect was also reported bgh&aan [13] along with Ghosh and
Hecker [17] who all agreed that geometric constsaimposed by the tooling used in out-
of-plane tests delays the localization of limitagts, thereby resulting in higher forming
limits compared to in-plane tests.

To eliminate all effects of tooling geometry amittion, a few researchers [2,4,
18-21] have suggested methods for performing ingl@rming limit tests using purely
tensile forces. The benefit is that these testshbmamrarried out using standard tensile
testing machines, which eliminates the need focigbeed press forming equipment.
However, these tensile deformation methods arebtep# producing strain paths only

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

2.2.2 Strain Measurement

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

by manually measuring the deformed grids by handising computer driven image
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processing software to calculate the resultantnstram still pictures. In both cases, in-
plane forming tests allow the deformed grids todsalily measured. The measurement of
localized strains produced from an out-of-plane ispherical dome test is considered to
be the most popular way in determining sheet nidtls. However, these measurements
are typically obtained through hand inspection gighansparent tape and a magnifier or
another optical device such as a microscope [9,IBis method is very subjective
especially when the measurements are conductefésedt individuals.

The recent advancement of digital camera techyolegpecially the creation of
affordable charged coupled device (CCD) video casi&nd high resolution digital
single-lens reflex cameras, has allowed experimgnt® digitally track strain
development in sheet steels for both in-plane ameoBplane forming limit tests. In-
plane forming limit tests also have the advantdg# strains can be digitally tracked
using a single camera as opposed to two or moteatkaneeded for out-of-plane strain
deformation tracking.

Lewison and Lee [13] carried out in-plane formilmit tests to compare the
strain levels from aluminum killed drawing qualifipQ) steel specimens that were
calculated from visually inspected still images suer those obtained through digital
imaging analysis software. They concluded thatlloegking can be detected by digital
image analysis before it can be visually seen entifled by touch. Thus, the use of
digital image analysis can be a more reliable arwir@te method for capturing sheet

material forming limits.
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When using digital image analysis to capture tbhemfng limit strains, the
resolution of the recording device is paramountcainera with insufficient resolution
will produce large statistical errors in the measistrain results, while a camera with too
high resolution will cost more and require more gassing power. Valletta [2]
discovered that when he performed in-plane formingt tests using a digital video
camera with a resolution of 640 x 480 pixels tha experimental error in his strain
measurements was = 2% engineering strain for ads¥%idence interval.

A new automated strain measurement system calfadtoGrid® Vario” is
available from VIALUX [22], which claims that it caachieve an experimental error of +
1% engineering strain. The AutoGftid/ario system is capable of recording data from
either in-plane or out-of-plane forming tests. Téystem uses four CDD cameras to
monitor the deformation process. Another automasé@din measurement system,
ASAME 2D Model, is offered by ASAME Technology LL{23]. They claim that an
experimental error of £ 2% engineering strain carabhieved, and their system requires

only two CCD cameras.

2.3 Analytical Sheet Forming Limit Prediction

Forming limits can be predicted analytically usiag approximation first described by
Keeler and Brazier [24]. They suggested that thenifog limits in sheet steels can be
predicted by a characteristically shaped curvet@iobn a standard FLD. Figure 2.10

shows a standard FLD with the calculated KeelezigraFLC plotted using true strains.
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The reference point for a predicted FLC is the galfithe true plane strain forming limit,
FLCo, which can be estimated based on sheet thicknéssn), and the strain hardening

coefficient,n, using the following equation:

FLC, Tue Strain_|n 1+ [23_3 + 14_2t] X&_ . (2.11)

The strain hardening coefficient, is determined at high strain levels, typically2®%
(terminal n-value). The left hand side of the FIsGimply a straight line with slope equal
to negative one that intersects the true planénstoaming limit, FLG,. The right hand
side of the FLC is a specific curve generated bgl&e[25] using stretch forming tests on
low-carbon steel. Figure 2.11 shows an exampla@fiLG E"9"eend St adicted using
the Keeler-Brazier approximation for a HSLA shedees The Keeler-Brazier
approximation is based on forming limit resultsttixgere obtained using out-of-plane
hemispherical dome punch tests on various shessste

Keeler [26] had previously suggested that the &doitity of sheet metal was
directly related to its thickness. Raghavan [l@hfoeced this suggestion when he
performed in-plane forming tests on different stebket thicknesses and found an
increase in formability with increased thicknesgué&tion 2.11 has been shown to closely
match experimental forming limit testing results ©Q, HSLA, and DP steels [1,3].
Figure 2.11 shows the agreement of the predicte, E19"®"9 S"aRyith experimental

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

produce the least amount of strain, prior to failur

2.4 In-Plane Tensile Testing

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

forming limit tests, which allowed them to produsteain paths between uniaxial tension
and plane strain. Their experimental setup inclualétb4 mm wide grip assembly that
relied on a bolted wedge to clamp the specimeres Fsgure 2.12). They began with a
254 mm wide sheet sample of 2036-T4 aluminum, asvshn Figure 2.13, and varied

the geometry of its gauge region in an effort toximéze plane strain throughout the
sample. They investigated six notch geometries,nsamzed in the table in Figure 2.13
labeled A through E. Their testing showed that @latrain deformation could be

achieved across approximately 80% of the gaug®medihis testing procedure became
known as an in-plane plane strain (IPPS) test.

Holmberg et al. [4] developed in-plane tensildgde produce strain paths from
uniaxial tension to plane strain in mild steel dngh strength steel. Their intent was to
create an in-plane forming limit test that was peledent of tooling geometry and
friction. A sample of the geometry they employedi®wn in Figure 2.14. They found
that a wide sample with a wide but short gauge@ecd needed to produce forming limit
strains close to plane strain. They also suggdbtdhe sample have sufficient area for

clamping to avoid fracture outside the plane stragion in the center of the sample.
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Valletta [2] performed an IPPS tensile testingdgtbby using LS-DYNA finite
element method (FEM) software to predict the de&drom behavior of DQ and DP600
sheet steel for varying sample geometries undesiléetoading conditions. Valletta’'s
simulations showed that wide samples with an apatgponotch profile could be used to
apply strain paths between uniaxial tension andepfrain to the DQ and DP steels. The
sample geometries used by Valletta are shown inr€i@.15 and 2.16. Figure 2.15
depicts the sample geometry used to apply preas@ong a path located between
uniaxial tension and plane strain £ -0.4) to the DQ steel and Figure 2.16 shows the
profile adopted to produce near plane strain deftion ( = -0.04) to the center of the
sample. Valletta concluded that a wide sample wlbrt gauge length is needed to
produce strains close to plane strain at the cearitdre sample. Valletta’s experimental
IPPS tests used custom 104 mm wide grips on aataridstron tensile testing machine

to apply the tensile loads to sheet samples.

2.5 Tube Hydroforming Process

In recent years, the tube hydroforming (THF) preceas been used increasingly in the
automotive industry to manufacture various strudtwwomponents. A once complex
component with many individual pieces can now lduced to a single tube that has
been pre-bent and subsequently hydroformed intoreljeired cross-sectional shape,
which may vary along the length of the tube. Hydrofing expands the tube to obtain

the desired shape within a clamped die cavity usiigdp pressure fluid. Figure 2.17
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illustrates a typical THF apparatus along with picison of how the tube’s cross-section
evolves throughout the process. THF not only allfavshigher dimensional accuracy of
manufactured components but it also leads to ligimere economical parts as well.

The flat sheet testing in this thesis seeks takita a THF process of steel tubes
that have a diameter of 76.2 mm and a wall thickr#sl.8 mm. This process involves
the pre-bending of a tube to obtain a 90-degreel lsmg a rotary draw tube bending
machine followed by a hydroforming step to achiaveonstant square cross-section in

the region of the tube bend.

2.5.1 Tube Bending

As mentioned, tube bending may precede many hydnifigg processes in order to pre-
form the tube to the desired shape along its akiee bending of tubes is more
complicated then bending flat sheet due to the flaat the tube’s walls need to be
supported inside and out. In rotary draw bendinbes$ are bent around a circular die
with the exact profile of the tube by a follower @amp die. The tubes that are used in
automotive manufacturing are typically made byinglla flat strip of sheet metal to the
required diameter and then seam welding its edggthier. Some strains are introduced
into the material during the tube forming processube bend is classified by the bend
ratio and the wall factor. The bend ratio refersh® bend radius over the tube diameter

(R/D), as shown in Figure 2.18 is the bend radius measured to the neutral axibeof
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tube which can also be referred to as the cemterridius (CLR). The wall factor is the
ratio of the tube diameter over tube wall thickn@a\).

When bending thin walled tube, a mandrel is irgkmto the tube to prevent the
tube from collapsing or wrinkling during the prosd28]. Figure 2.19 shows a rotary
draw tubing bender with internal mandrel that waspleyed at the University of
Waterloo to pre-bend the steel tubes discussedhiap@r 5 of this thesis (prior to
hydroforming). The tube is held between the clangahd the bend die, as well as the
pressure die and the wiper die (see Figure 2.1%9.mandrel is then inserted inside the
tube to prevent it from collapsing or wrinkling thg bending. The pressure from the
wiper die also helps to eliminate tube wrinklinghelclamp die and bend die rotate
together to pull the tube around the bend as shoviigure 2.20. The pressure die can
be made to move forward to push material into tbadb this is known as “bending
boost”.

Several researchers [27-32] have shown that isetekvels of bending boost can
reduce thinning and major axial strains along thiside of a tube bend radius. Increased
boost levels have also been shown to thicken thElenradius of tubes and increase
minor circumferential strains. The bending boost ba represented by a percentage of
the ratio of the pressure die displacement oveatheswept by the CLR of the bend die.
This relationship is as follows:

% Boost = (Pressure die displacement/arc swely) x 100%. (2.12)
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A 100% boost level is achieved when the pressueeisiimoved forward at the same
relative speed as the CLR of the bend die. Boostldegreater than 100% means that
material is being pushed into the bend which hétpshicken the material along the
inside and outside of the tube [32]. Converselygdbdevels less than 100% will act to
thin the material along the inside and outsidéheftube [32].

Bardelcik and Worswick [32] studied the effectb@inding boost on the thickness
and strain distributions of DP600 steel tubes b@dR. Figure 2.21 illustrates the
orientation of the tube bend with respect to tHang bender along with the orientation
of the weld seam. Figures 2.22 and 2.23 presenethdts from their study for the inside
and outside of the bend, respectively, for the bemgles depicted in Figure 2.21. Figure
2.22 shows thickening of the tube along the insidine bend along with increased minor
circumferential strain. Figure 2.23 illustratescit@ning of the tube along the outside of
the bend as well as decreased major axial straamndecik and Worswick reported,
however, that high boost tended to reduce the suiese corner-fill expansion of

hydroformed tubes, thus lowering formability.

2.5.2 Tube Hydroforming

THF is an operation that injects extremely highsptee liquid, in most cases water, into
a tube that is clamped securely within a die ca®ie-bending is not the only operation
that can precede THF. In some operations, a prg@sgion or pre-shaping step is

applied to help the tube form to the desired peofilhis step may be accomplished by a
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separate operation or by the hydroforming die atoges before the tube is pressurized
with fluid (see Figure 2.24). The hydroforming detypically made up of two halves
that are forced together. The tube is expandedruhdepressure of the liquid to form the
shape of the die cavity as shown in Figure 2.1 Gdwity in the die can range from a
simple straight uniform cross-section to one camtgy multiple complex bends and
cross-sections.

The die that was used at the University of Watetm hydroform the 90-degree
pre-bent steel tubes examined in Chapter 5 ofttigsis is shown in Figure 2.25. The
main cross-section of the hydroforming die is squas shown in Figure 2.26, but it
transitions to a circular cross-section at the evfdthe die. Figure 2.26 also illustrates
that there is a 0.5 mm diametral clearance betweehydroforming die and the tube.

During THF, the pressure inside the tube can rdmge 70-700 MPa. The tube is
sealed using end-plugs which can also provide encefto feed the tube into the die
during hydroforming. Figure 2.27 shows a typicatlfoforming operation where the end-
plugs are not only sealing the tube but applyind-ieed (EF) force as well. The amount
of EF can be varied to achieve different strain @ickness distributions in the tube bend
[32,33]. Higher levels of EF have been found [32]iricrease the corner-fill expansion
(see Figure 2.26) in straight and pre-bent hydroéat tubes. However, too much EF can
result in wrinkling or buckling failures, as repedtby Sorine [34].

A recent pre-bend and hydroforming study of thees®DQ, HSLA and DP600

steel tubes studied herein was completed by Sainal. [33] for various levels of
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hydroforming EF. Results from their study are shawirigure 2.28 for the HSLA steel
tube. The tubes depicted range from a 90-degrebgiretube to hydroformed tubes with
zero EF and 0.25, 0.5 and 1.0 yield strength (¥&kls of EF, respectively. The
orientation of the tubes shown is consistent witht tillustrated in Figure 2.21. The
1.0YS shows wrinkling on the inside of the bendigating excessive EF. Strain and
thickness distributions around the circumferenceheftube measured at the 45-degree
bend angle (see Figure 2.21) are shown in Figut®. Z'hese results demonstrate that
higher levels of EF increase the subsequent cdilhezxpansion of pre-bent and

hydroformed tubes, thus increasing material fortitgt§B3,34].

2.5.3 Tube Hydroforming Strain Paths and Failure Lo  cations

The thickness and strain distributions in a tubengdupre-bending and hydroforming
vary depending on friction, die geometry, boost,a8H other processing parameters [32-
34]. The strains of interest in this thesis areséhoreated during the tube pre-bending and
hydroforming operations that are being completethatUniversity of Waterloo. Strain
and thickness distributions in the tube for thed@@+ee pre-bend and hydroforming
stages have been shown in Figures 2.22, 2.23 &8df@:. different levels of boost and
EF.

The majority of the deformation that results frahe 90-degree tube bending
operation is in the axial direction of the tubeeTdtrain paths produced from tube pre-

bending show near uniaxial tension along the oeatsitl the bend and near uniaxial
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compression along the inside of the bend [32-3AgSE strain paths can vary depending
on the amount of boost employed during tube pradingn[32-34]. The bulk of the
deformation that results from the hydroforming stagprimarily in the hoop direction of
the tube. The strain paths that occur during thdrdfgrming stage on the inside and
outside of the bend range from near plane straimets uniaxial tension depending on the
amount of EF applied [32-34].

Figure 2.30 shows the predicted strain paths toba bending and hydroforming
operation from a study of DP600 steel by Bardetoikd Worswick [32] at the corner-fill
location (see Figure 2.26). The pre-bend straih patios are = -0.5 and = -4 for the
outside and inside of the bend, respectively. Tyordforming strain path ratios are= -
0.25 and =-0.65 for the outside and inside of the benspeetively.

Sorine [34] continued research on the pre-benthgdoformed DDQ, HSLA and
DP600 steel tubes. Sorine’s results showed thiaréadluring hydroforming of 90-degree
pre-bent tube always occurred on the inside obtral at locations between 0° — 20° and
160° — 180° around the circumference (see Figw®) 2t the 45-degree bend angle for
an EF force of 0.25YS or greater. The 0.5YS tubshasvn in Figure 2.28 demonstrates
that the location of failure at burst is next te theld seam of the tube. Sorine found that
only the HSLA steel tube with zero EF during hyadrofing fails on the outside of the
bend at 270° around the circumference between sippately 20° — 35° 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 patrencaffect the formability of materials.
Various researchers [35-40] have commented on hevstpain paths can have negative
effects on overall sheet formability. Determinirg formability for a hydroformed tube
is more complicated than it is for a flat sheetthié tube undergoes bending before or
during the hydroforming process, then there wilhidtiple strain paths that the material
will follow (see Figure 2.30). Due to these noreln strain paths, a standard FLD is no
longer suitable for representing the true formimgts of the material. A comparison of
different strain paths is shown in Figure 2.31tHis figure it can be seen that the linear
strain path produces a forming limit strain thatresponds to the predicted FLC. The
guadratic strain path produces a lower formingtlisiriain and the multi-stage strain path
generates a higher forming limit strain.

Many authors [35-38] have studied the effect afynvey strain paths. All agree
that if the pre-strain path ratio is less than fihal strain path ratio ¢ < ) then the
forming limit is increased. For the inverse caseekgh; > », the forming limit is found
to decrease. It has been suggested by LaukonisGaodh [39] that the increase in
formability produced from uniaxial tension pre-gtraould be credited to the increased
hardening coefficienty, in the material due to the uniaxial pre-straimafGand Hosford
[40] have shown that varying the strain path for6AlL1-T4 can have tremendous effects

on the forming limits achieved. They applied vaddavels of uniaxial pre-strain in the
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RD of the material and then tested to failure ie #D. The shift in the as-received
single-path FLC is shown in Figure 2.32.

In the early 1980’s, Wagoner and Laukonis [20,@&Yeloped the IPPS tensile
test method outlined in Section 2.4. This setupvadld them to produce strain paths from
uniaxial tension to plane strain in aluminum kille@ and DP steels. The tests were used
to apply various plane strain pre-strain levelshi@ RD to smaller RD and TD uniaxial
samples which were subsequently cut from the IRIP$pkes, as depicted by Figure 2.33.
Their research showed that the rate of work hardeand total elongation of the uniaxial

specimens decreased for increased levels of pteaia pre-strain.

2.6.1 Non-linear Strain Path Forming Limit Predicti  on

One way of dealing with multi-stage non-linear istrpaths is to plot them onto an
effective strain diagram (ESD). An ESD is a ploteffiective plane strain to failure as a
function of effective pre-strain. Principal stralata can be found using the same methods
described in Section 2.2 for creating a standar®.FLhe effective strains are then

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

ez\/g(ef +é +elez), (2.13)

where ; and , are the measured principal major and minor stra@spectively.
An FLC can be represented on the ESD by plottieglimiting effective strains,
which creates safe and unsafe regions similargtaadard FLD. The use of an ESD is

valuable since it provides a forming limit predactithat is independent of strain path.
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Also the ESD utilizes plane strain as a final straath, a path typical of producing the
lowest limit strains in many forming operations.

Graf and Hosford have presented results on chgngtrain paths for two
aluminum alloys, AA2008-T4 [35] and AA 6111-T4 [4bjat had various levels of pre-
strain applied in both RD and TD. Figure 2.34 sheans=ESD plotted from various pre-
strain paths for the AA 2008-T4 aluminum alloyc#in be seen that the effective post-
strain initially decreases linearly for increasieffective pre-strain, but then decreases
asymptotically and approaches zero for high leeélpre-strain. Graf and Hosford [35]
found that plane strain pre-strains <5% in the Rvehlittle effect on the shape of the
standard FLC for an Al 2008-T4 alloy, but causeshdt in the FLC as can be seen in
Figure 2.35. The effect of uniaxial pre-strain retRD on Al 2008-T4 alloy samples
tested to failure in the TD showed a dramatic déifiee in both the location and shape of
the new FLC. The new FLCs are shifted down anchéoright, as is evident in Figure
2.36.

Alternatively, a forming limit stress diagram (HRJcan be used to determine the
forming limits from a multi-stage non-linear strgaath forming operation. An FLSD is a
plot of the forming limits as principal stresseghie sheet which are calculated from the
principal strains. Once again, an FLC is plottedéparate the safe and failed forming
limit stress regions, in this case it is called thiming limit stress curve (FLSC). The
FLSC is typically generated from a predicted Ke@eazier FLC or an experimentally

measured FLC. This method is also independentaihgbath history.
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Arrieux [41] presented methods for creating FLS®sisotropic materials using
the Prandtl-Reuss equations. Arrieux also emplaydldls [42] quadratic anisotropic
yield function (Hill "48) for calculating FLSDs foanisotropic materials. Arrieux
transformed forming limit strains from an isotro@iltminum alloy into stress space on
an FLSD to compare the stresses generated by gasyiain paths as shown in Figure
2.37. He found that the forming limit stresses mid follow any common yield function
nor did they match the Von Mises yield function.

Valletta [2] produced FLSDs from IPPS testing @@ @nd DP600 steel sheets by
using the method described by Arrieux [41] for atnspic materials. These FLSDs are
shown in Figures 2.38 and 2.39 where the formimgt Istresses for both the DQ and the
DP600 material form a linear trend. However, traults for the DP600 material are more
scattered.

Stoughton [43,44] also specified methods for deteing FSLDs from non-linear
strain path data. He provided a general solutiah #fiows non-linear strain data to be
mapped into stress-space using Hill's [42] quadrajenerally anisotropic plastic
potential (see Appendix A). The forming limit ofethmaterial was then predicted when
the calculated stress intersected with the FLSQGhef material. Figure 2.40 depicts
forming limit strains from a study by Graf and Hosf [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 Tbigeps to try to predict the associated
material forming limits for THF operations. In teestudies, authors have reviewed
different methods for predicting tube hydroforméail

Sorine et al. [29] performed a study that predictiee failure of hydroformed
HSLA350 steel tubes using an extended stress-Haseting limit diagram (XSFLD).
The HSLA350 steel tubes tested were made froméire steel sheet tested in this thesis.
Sorine et al. first conducted free expansion tubistbtests to determine the maximum
pressure and the burst pressure inside the tuley U$ed the experimental results from
the tube burst tests to predict the plane straimiftgy limit associated with maximum
internal tube pressure. The plane strain formingg lirom the tube burst tests was used to
create a standard shaped Keeler-Brazier FLC, wivesh plotted on an FLD along with
other predicted FLC’s. Figure 2.41 shows the FLBduby Sorine et al. to illustrate the
various predicted FLC’s for the HSLA350 steel. dincbe seen that the FLC calculated
from the tube burst results was much lower thanater FLC’s predicted using the
Keeler-Brazier approximation.

Sorine et al. [29] converted the strain-based p€dicted using the tube burst
results into principal stresses using the methodggsed by Stoughton [43] and plotted a
stress-based FLC. The stress-based FLC was thesfaraed from principal stresses to
mean and effective stresses which were plottednodSFLD. Figure 2.42 demonstrates

the progression from a strain-based FLC to a stvased FLC to an extended stress-
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based forming limit curve (XSFLC). The XSFLC ha®yen useful in predicting the
onset of necking in three dimensional loading ctods, such as thicker-walled tubes, as
verified by Simha et al. [45,46]. The XSFLC wasrthagsed by Sorine et al. [29] to
predict failure in pre-bent and hydroformed tuldggure 2.43 shows a contour plot of the
predicted failure locations during a hydroformingNF simulation of an HSLA350 steel
tube along with the actual pre-bent and hydrofornid8LA350 steel tube. The
experimental results showed that the average lmestsure during the hydroforming
stage was 33 MPa. A plot of elements on the inamtk outside of the tube during the
hydroforming simulation of the HSLA350 steel tubs shown in Figure 2.44
demonstrating the correlation with the burst pressitained from experimental testing.
Efforts by Chen [47] and Chen et al. [48,49] hdeen made to predict the
formability of AKDQ steel tubes of diameter 76.2 namd wall thickness 2.16 mm. Chen
[47] developed a method for predicting burst duriidgf called ‘plastic strain criterion’
(PSC), which estimates lower and upper formabiéiyels based on the maximum load
capacity of the tube and the total elongation, eéespely. Chen et al. [48] have also
performed free expansion tube burst tests to meakeramount of strain in the tube at
the tube burst pressure. They found that the medsstrain at burst fell between their
estimated lower and upper PSC levels. However, wthey compared the measured
strain from the tube burst tests to strain-baseD BHata (Keeler-Brazier approximation)
and stress-based FLD data (Stoughton [43]) theyndothat both over-predicted the

forming limit. Chen [50] later used his own PSC hust, the Keeler-Brazier FLD
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approximation, the stress-based FLD comparison toydhton [43] and the XSFLD
method prescribed by Simha et al. [45] to evaldlee corner fill of the same AKDQ
tubes as described above in a square die. Cherc¢b@juded that the PSC method was
more accurate in predicting failure in free expangube burst tests and that the stress-
based methods by Stoughton [43] and Simha et &]. jést estimated failure in tube

corner fill expansion tests.
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Figure 2.1: A typical FLD for DP600 steel having a thickneds102 mm showing
measured strains that were safe, marginally safdaaled [3].
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Figure 2.3: A FLD showing the predicted limits given from bdte diffuse and local
necking theories proposed by Hill [5,7] comparednoexperimental FLC.
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Figure 2.4: lllustration showing in-plane plane of sheet msthple.

Deformation

Figure 2.5: Hemispherical dome punch test setup consistirggadfcular specimen that is
clamped between two dies resulting in out-of-pldeformation [11].
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~ i

Figure 2.6: Flat bottom punch, 3, used to indirectly applyssige to a specimen, 1,
through a circular washer, 4, deforming the makeniglane. The sample
and washer are clamped rigidly in a die, 2 [12].

Figure 2.7: Sample geometries from an out-of-plane forming. téample at top left to
bottom right used to produce strain paths from xialatension, to plane
strain, to equi-biaxial tension, respectively [13].
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Figure 2.8: Sample geometries from an in-plane forming tesim@e at top left to
bottom right used to produce strain paths from xialatension, to plane
strain, to equi-biaxial tension, respectively [13].
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Figure 2.9: In-plane forming test setup used by Lewison ané [E3] showing the
punch, die set, carrier blank, sample and camera.
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Figure 2.10: The FLCs predicted using the Keeler-Brazier [3#fjraximation for a steel
sheet of thickness, 1.8 mm, and strain hardenipgment, n = 0.108.
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Figure 2.11: Experimental FLCs plotted using engineering sgdor Mild, HSLA and
DP steels with 1.2 mm thickness showing that treslipted FLG shows
good agreement with the experimental FLC for HSkgfek[11].
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Figure 2.12: Wide grip assembly used by Wagoner and Wang [@8]rf-plane tensile
deformation testing.
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D 1-300 45 127 12.7
E 1-252 45 25-4 0-0

Figure 2.13: Wide sheet sample used by Wagoner and Wang [18hifplane tensile
deformation testing.
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Figure 2.14: In-plane tensile test sample used by Holmberd. ¢df dimensions are in
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Figure 2.15: The pre-strain test sample used by Valletta [2]de-straining the DQ
sheet steel, dimensions are in mm.

10

Figure 2.16: The in-plane plane strain (IPPS) test sample used/alletta [2] for
determining pre-strain effects on plane strain foagrimits, dimensions
are in mm.
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Figure 2.17: Typical THF process where a tube has been pre-befure the final
hydroforming stage [27].
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Figure 2.18: A tube bend is classified by tieD ratio and thé/W ratio, whereR is tube
bend radiusD is tube diameter and is the tube wall thickness [2].

Preszure Dm

Wiper Die

Figure 2.19: Rotary draw tubing bender used by Sorine et @] g University of
Waterloo to pre-bend tubes for subsequent hydrafayroperations.
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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 theepress

die translates forward and pushes material into the bend.

Figure 2.20: Rotary draw tube bending process with internal anal{27].
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Figure 2.21: Orientation of the tube with respect to the tubb@pder shown in Figure
2.19 and location of weld seam. The angles are shasva reference for
the locations of the strain data collected by Blaikeind Worswick [32].
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,

Figure 2.24:Pre-compressing of a tube before hydroforming [2].

HYDROFORMING DIE

45°locatjor! - S

Figure 2.25: Inside view of one half of the 90-degree pre-bbydroforming die used at
University of Waterloo by Sorine et al. [33].
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76.7 mm

Figure 2.26: Cross-section of hydroforming die showing tube obef and after
hydroforming expansion. In this figure, represents the amount of
corner-fill expansion during hydroforming [33].
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Figure 2.27: A schematic showing the end-plug used to sealtiube and provide EF
force during a typical hydroforming operation [27].
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Figure 2.28: Pre-bent and hydroformed HSLA steel tubes testiéd various levels of
EF by Sorine [34].
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Figure 2.29: Thickness and strain distributions measured ardl@aircumference of the
tube at the 45° bend angle location for HSLA stested with various
levels of EF [34].
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Figure 2.32: FLD showing the effect of uniaxial pre-strain iretRD 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 tesiducted by Wagoner and
Laukonis [20, 21].
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Figure 2.35: FLD showing the effect of plane strain pre-stiaithe RD for Al 2008-T4
alloy tested to failure in the TD [35].
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alloy tested to failure in the TD [35].
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Figure 2.38: FLSD of DQ steel for multi-path forming limit testompleted by Valletta
[2].
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Figure 2.39: FLSD of DP600 steel for multi-path forming limiests completed by
Valletta [2].
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Figure 2.40: FLSD showing various strain paths mapped intosstepace, many of the
strain paths overlap when they are plotted in stegmce [43].
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Figure 2.41: Strain path from free expansion tube burst testSfA350 steel along with
various predicted FLCs using the Keeler Brazieraxmation [29].
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hydroformed HSLA350 steel tube (above) and actyalrdformed tube
(below) [29].
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This chapter describes the four automotive gradetshteels that were studied in this
research. These materials represent the three ot@egof steels defined in the

introduction: a LSS — DDQ, a HSS — HSLA, and two3%$ — DP600 and DP780. These
four steels were manufactured and provided by [@Rofashe DDQ steel sheet was hot
rolled to a thickness of 1.88 mm. The HSLA and DPP6€eel sheet products were hot
and cold rolled to a thickness of 1.86 mm and th&lrnannealed. The DP780 steel sheet
was hot and cold rolled to a thickness of 1.55 nmd #hen galvanized. Galvannealing

and galvanizing are two different protective cogsithat are applied to the surface of the
steel during processing to prevent rusting. The &heet materials are shown in Figure
3.1. As can be seen, the hot rolled DDQ has sonaemee of rusting because there is no
protective layer applied to its surface. The HSL#d &P600 material have both been
coated using a galvanneal process to protect theriaawhich results in a dull grey

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

coating. The chemical compositions for the fourethsteels are shown in Table 3.1. It

can be seen that all four steels have relativelydarbon contents.

68
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3.1 Mechanical Properties

The mechanical property data for the four materaatamined in this research was
provided by Dofasco and the University of Water[6@]. This data is shown in Table
3.2 for the rolling and transverse sheet directimctuding data from the 6 o’clock tube
position for tubes that have been formed from th&pective sheet steels. Figure 3.2
shows the position of the 6 o’clock location on tiiee. The mechanical properties
represented in Table 3.2 are: yield strength (\iB)mate tensile strength (UTS), total
elongation (TE)nh-value,K-value andr-value. The materials are ordered by ascending
UTS and descending total elongation. Table 3.2 amy shows a comparison of the
mechanical properties between the four steelstkalso demonstrates the differences in
mechanical properties for a given material in tHg, KD and 6 o’clock tube position.
The tube data is taken from a circular seam weldlee with a diameter of 76.2 mm. The
wall thickness of the respective tubes are roughdéy same thickness as the flat sheet
material. The four steels were tested at an engitgestrain rate of 0.042'sup to the
materials’ point of yield and then at an enginegrtrain rate of 0.21sfor the
remainder of the test.

Table 3.2 shows that DP780 exhibits the highassilee strength but the lowest
total elongation. The DDQ material has the highetstl elongation but the lowest tensile
strength. The HSLA and DP600 materials have simjiklds strengths; however, DP600
has a higher tensile strength and lower total edbog than HSLA. For all the materials

the total elongation and strain hardening rates reduced for the as-tubed product. This
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reduction inn-value can be attributed to the strain hardenimag ¢lccurs during the tube

forming process. Figure 3.3 presents a series ginearing stress-strain curves that
compare the strength and elongation in the RD, m® as-tubed condition of the four

sheet materials. It is clear from Figure 3.3 that $train hardening that results from tube
forming also increases the yield strength in ther fube materials. It should also be
noted that the total elongation for the as-tubed.Al&nd DP600 materials is almost

equal.

Returning to Table 3.2, it can be seen that th&Ddbeet material exhibited a
higher level of normal anisotropy in the RD thaa D and very little planar anisotropy.
The HSLA, DP600 and DP780 sheet materials showddrge amount of normal
anisotropy in the RD with r-values of 0.70, 0.721@h66, respectively. However, the
DP600 showed no evidence of normal anisotropy enTtD. The HSLA steel showed
more normal anisotropy than the DP780 steel inTthe The DP600 showed the largest
amount of planar anisotropy followed by the HSLAIdDP780 steels, respectively. The

r-value data for the four steel tubes could novl@ined given their current geometry.

3.2 Microstructure of Sheet Steels

The four sheet materials under study were polisretietched with a 2% Nital solution
to reveal their microstructures. Micrographs fotttbéhe RD and TD for the DDQ,
HSLA, DP600 and DP780 sheet steels were completddaee shown in Figures 3.4 to

3.7, respectively. The DDQ steel has an equi-agetté microstructure with the coarsest
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grain structure of the four steels. The HSLA stseshown to have a ferrite grain
structure with finer grains than the DDQ steel. 600 and DP780 steels consist of a
ferrite-martensite microstructure with consideraidading of the martensite throughout.
Both the DP600 and the DP780 steels seem to hawdamsigrain sizes; however, it
appears that the DP780 steel has a higher volusmeédn of martensite. Figures 3.4 and
3.5 show very little difference in the microstruetbbetween the RD and TD orientations
of the DDQ and HSLA steels, respectively. Howeggures 3.6 and 3.7 show small
differences in the amount of martensite bandinghen RD compared to the TD of the

DP600 and DP780 steels.

3.3 Strain Rate Effect

There was no mechanical testing completed to daterthe strain rate effect on the four
sheet steels used herein. However, previous rdségr&/alletta [2] on similar DQ and

DP600 steels showed that when the strain rate glarioniaxial tension test was raised
from 0.001 & to 0.035 &, there was a significant increase in the yieldrajth and total

elongation of the two materials. However, the hantg rate and the material forming
limits for the two steels remained the same at stthin rate levels [2]. Figure 3.8 shows
the strain rate effect for the DP600 steel testgdvhlletta. The hardening rates are

similar but the flow stress is increased for thghler strain rate tests.
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Table 3.1: Chemical composition of DDQ, HSLA, DP600 and DP8B@et 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 anduwdsed condition of the

four automotive grade sheet steels examined irthess.

YS UTS n-value | K-value | r-value n-value

Material (MPa) | (MPa) | % TE | (5-15%) | (10%) | (12.5%) | (terminal)
RD 243 354 43.3 0.220 610.4 0.85 0.215

DDQ | TD 256 352 40.1 0.228 614.2 0.91 0.223
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

HSLA | TD 394 457 34.6 0.192 765.0 0.94 0.181
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

DP600 | TD 361 629 24.4 | 0.168 965.4 1.00 0.146
Tube | 477 630 21.1 0.106 892.1 NA 0.108

RD 491 793 20.4 | 0.173 1230 0.66 0.152

DP780 | TD 491 810 20.4 | 0.163 1236 0.85 0.145
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 snrésiearch are shown after
the IPPS test sample geometry was machined.

weld seam

12 o’clock

9 o’clock —»

3 o’clock tensile sample

3 o’clock

t

6 o'clock

Figure 3.2: An illustration showing the tube sampling locasdor tensile test specimens
indicating that the location of the weld seam cgponds to the 12 o’clock
position.



Chapter 3 Materials 74

850
800 -
750 - DDQ RD
s DDQ TD
650 - — DDQ Tube
600 -
= —=— HSLARD
O 550 A
g —a—HSLATD
—~ 500 -
[%)] P
S 450 HSLA Tube
n
> 400 —+— DP600 RD
S 308§ 00— — e .l —~—DP600 TD
& = N
=S, 300 § ’ ——— DP600 Tube
w250 - : — DP780 RD
200 % ——DP780 TD
150 +
—— DP780 Tube
100 4
50 1 :
0 T T T T T T T T

0.00 005 0.10 0.15 020 025 030 035 040 0.45
Engineering Strain

Figure 3.3: Engineering stress-strain curves comparing thetdRB, TD and 6 o’clock
tube properties of the DDQ, HSLA, DP600 and DP7&els produced by
Dofasco and the University of Waterloo.
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Figure 3.4: DDQ sheet steel micrographs showing material Rip)(and TD (bottom)
orientations. Samples were etched with 2% Nital.
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This chapter summarizes the IPPS testing methadwha used to evaluate the plane
strain forming limits of the four automotive graskeels. The experimental apparatus and
sample geometry are detailed, along with the arsalgmd strain limit evaluation
methods. The objective forming limit criteria tive¢re adopted for this study will also be

explained.

4.1 IPPS Forming Limit Testing Apparatus

This research used IPPS tensile tests, describ8edtion 2.4, to deform sheet samples
from the four automotive grade steels under stgdythat the experimental plane strain
and potentially multi-path forming limits could ketermined. Figure 4.1 shows the
complete experimental IPPS setup, which included8&81 Instron tensile testing

machine that applied a tensile force to the shamptes through custom 101.6 mm wide
grips. The grip inserts employed a wedge shapegddbat clamped the sample as the
tensile force was applied. The faces of the grgeits were knurled to provide friction in

order to rigidly hold the sample. The custom gisl a load rating of 133 kN. An in-
80
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view clock was placed on the edges of the samphkeattk time during each test. The
sheet samples were marked with an array of dopgdeide a means for tracking local
strains in the sheet during the tests.

This experimental apparatus is similar to thatdubg Valletta [2] with the
addition of the in-view clock and use of a highesalution digital camera instead of a
digital video camcorder. The 101.6 mm wide gripgeveodified to include a screw
adjust shaft that provides an initial upward foorethe two grip faces in the lower grip
assembly. The screw adjust shaft is illustratedrigure 4.2. By turning this shatft,
pressure could be applied evenly to the grip facesder to first clamp the sheet sample
within the lower grip assembly. Before this modation, proper alignment of the sheet
sample was difficult and time consuming becauseityravas acting against the grip
faces in the lower grip assembly. The additionh&f $crew adjust shaft also helped to
maintain an even clamping pressure across the shewgtles.

A series of still images of the sheet sample weo®rded throughout the tests
using a Nikon single-lens reflex D70 6.0 mega p{8&808 x 2000 pixels) digital camera
with a continuous capture rate of approximately #&mes per second. The high
resolution of this camera helped to reduce the maxgeatal error of the strain
measurements. The camera was mounted on a trimbgaaitioned directly in front of
the sheet sample at a focal distance of 76.2 cre. CEBmera was equipped with a 2X
teleconverter lens followed by a 105 mm macro |di® 105 mm lens is ideally suited

for high magnification close range applicationseTieleconverter acted to double the
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camera’s focal length; however, it also reducedattmeunt of light that was received by
the camera. Additional lighting was required tantlinate the samples during testing.
Figure 4.2 shows a closer view of the custom widpsg the IPPS sample and the in-
view clock. Figure 4.3 shows a close-up photo & #ample 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 wastabed by performing the IPPS test
method described in Section 4.1 on samples of tlwe $teel grades: DDQ, HSLA,
DP600 and DP780. Major strains were oriented inRDBeof the sheet. For each material,
ten samples were tested in order to validate bl¢htésting method and the chosen
objective forming limit criteria. The tests were mibered DDQRD-, HSLARD-,
DP600RD— and DP780RD- for the DDQ, HSLA, DP600 &pE780 materials,
respectively.

For the second phase of testing, the four steele wgain subjected to the IPPS
tests, but this time they were deformed such thajomstrains were in the TD of the
sheet. For this phase of testing, only five samfdesach of the four steels were tested to
determine the material forming limits. The erros@sated with a single test, found by
performing the ten IPPS RD tests, was found torballsenough to warrant the use of

only five IPPS tests for the TD. The tests were berad DDQTD-—, HSLATD-,
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DP600TD- and DP780TD- for the DDQ, HSLA, DP600 ab&780 materials,

respectively.

4.2.1 Plane Strain Sample Geometry

The plane strain sheet samples were machined te tigs notch geometry shown in

Figure 4.4. The sample has overall dimensions ahf0x 85 mm and a gauge length of
4 mm and gauge width of 65 mm. This geometry wéectsd based on previous IPPS
tensile testing research conducted by Valletta T2le selected sample geometry was
narrower than that used by Valletta so that it wWolk possible to test the four steel
grades to failure, while remaining within the stggmlimitations of the custom grips. The

chosen notch geometry caused the material neaetiter of the sample to deform along
a strain path very close to plane strain.

A square array comprised of 36 grids, where eaichvgas represented by 4 dots,
was applied to the surface of the sheet sampleg ascustom ink marking punch-press.
The marking press is shown in Figure 4.5. It wadt husing a custom frame that
incorporated a microscope stage to apply dots glady spaced intervals to the flat
sheet samples. The grid pattern was applied tocéméral portion of the sample (see
Figure 4.4), representing the region of interesttrack local strains throughout the
forming test. The array of dots was positioned dielt the center of the sample’s gauge
section in the vertical direction would fall betwetvo rows of dots, as shown in Figure

4.4. This position was referred to as the neckixig, avhich ws the predominant location
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where the neck forms during the IPPS tests. Iniposvwork by Valletta [2], it was
found that when the dot pattern was silk-screenei ¢arge sheets, from which the
smaller sheet samples were then machined, thewanikl often be smudged or rubbed
off prior to testing. The custom ink marking prediewed the array of dots to be applied
after the samples were machined. It also ensuradtlie grid pattern was positioned
correctly with respect to the sample’s gauge sectio

A dot size of 1 mm and grid spacing of 3.2 mm {1if&h) was selected based on
the dot size used by Valletta [2]. This grid spgcitso corresponds closely to the normal
size of grids that are electro-chemically etchedtlmn surface of many sheet materials
prior to various deformation tests [15,24-26]. ®mall 1 mm dot size helps to ensure
that when the neck forms in the sheet steel tlgesafficient space for it to form without
impeding on the dot itself. By using a focal distamf 76.2 cm, a single grid resolution
of approximately 150 x 150 pixels was achievedhe images captured by the digital

camera.

4.2.2 Plane Strain Testing Procedure

The plane strain forming limit tests employed thx@erimental apparatus described in
Section 4.1. These tests were carried out byglesting the sample in the grips, as shown
in Figure 4.2. The in-view clock was then positidrs® that it was clearly visible in the
digital camera’s field of view, as shown in Figute3. The nominal strain rate in the

material was controlled by the cross-head speeth@finstron testing machine. The
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cross-head speed was kept constant for all ofdsts tat 0.1 mm/s, which produced a
nominal engineering strain rate of 0.025ks/ averaging over the whole gauge region of
the IPPS sample. The local strain rate varied adios gauge section due to the different
strain paths produced at the edge of the sampsaisdine center of the sample.

Initially a trail test (dry run) was used to detéme the time at which failure
occurred in each of the sheet samples. Still imagae then captured starting with the
first at time zero and then one every 30 secondtoW0 seconds before failure. The
pictures were continuously captured at a rate @r@pmately 2.5 frames per second
from 20 seconds prior to failure up to the point faflure. The point of failure
corresponded to the moment when a visible neckdcbal seen within the material. At
this time the tests were stopped since no morauudata could be collected. Only tests
where the neck formed between rows of dots werd f@pimage analysis. Any test
where the neck formed across a row of grids wasadiled 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 tla@lstrain forming limit tests using the
digital camera, following the test procedure owttinn Section 4.2.2. The still images
were post-processed one at a time using the digiadje analysis software Image-Pro
Plus®. Figure 4.6 shows an example of a typical stithiia captured by the digital camera

along with the gridded area of interest. The griticegion of the sample was cropped out
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of each picture and converted to a grey scale imabe grey scale image was then
segmented based on pixel intensity so that themgidiackground became all black and
the dots remained white, as shown in Figure 4.7 $hgmentation threshold was
determined automatically during the image analys@cess in an attempt to keep the
procedure as autonomous as possible.

Once the pictures were segmented, the locatidheotentroid and size of each
dot from the segmented image was measured usingehieo Plus software. The
position of the centroid and size of each dot was trecorded to a text file using the time
from the in-view clock of the selected picture aseterence. For example, the picture
shown in Figure 4.6 would be saved as 031989. Thgomand minor principal
engineering strains were determined for each gyidirbt calculating the true strains in
the x andy directions (x, y) as well as the shear strainyj. Figure 4.8 shows an
example of the original dot locations at time zeoonpared to the dot locations after a
given amount of applied strain at time 200 secor@isce », y and ,, have been
determined, the principal true strains are obtaiaed then converted into major and
minor (principal) engineering strains. These maond minor strains are assumed to be
aligned with the rolling and transverse sheet dioes.

The compiled strain data file was then importet iWicrosoft Excel for further
strain analysis and comparison. The gridded araatefest was numbered as shown in

Figure 4.9. The location of the neck is determiasdhe row of grids with the largest
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strain. Looking at Figures 4.6, 4.7 and 4.9, thekneould 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 comegausing the following three
criteria: the difference in strain, the differenicestrain rate and local necking. These
three criteria were employed to evaluate the fogrlimits of each of the four steel
grades in an objective manner. The forming limigisis for the two difference criteria,
along with the local necking criterion, were detamed by comparing the grids in the
necked row (i.e. row of grids corresponding to lesthstrain), to the grids in the rows
directly above (top) and directly below (bottomg thecked row. Figure 4.10 illustrates
the rows of grids that correspond to the top, neécked bottom rows, respectively. The
top, necked and bottom rows were split up into fgnaups of three grids each, as shown
in Figure 4.11, where the red indicates neckedsgaiad yellow indicates the grids that
make up the top and bottom rows. For each groupstitaéns were averaged along the
top, necked and bottom rows, respectively. The ramat 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 (segufe 4.11 group 1) was determined by

comparing the average strain in the first threelgyof the neck (4, 10, 16) to the
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combined average strain of the top (5, 11, 17) lawitbm (3, 9, 15) rows of grids. The
combined average strains from the top and bottams reere called the “top and bottom”
strains. The forming limit strains were then evétdausing major strain differences of
5%, 9% and 13% between the average neck valueshendverage top and bottom
values. These steps were repeated three more tomése remaining groups shown in

Figure 4.11.

4.4.2 Difference in Strain Rate Forming Limit Crite  rion

The difference in strain rate for the first groged Figure 4.11 group 1) was calculated
by first plotting the major principal engineeringans versus time for the average neck
values and the average top and bottom values, @snsin Figure 4.12. A six order
polynomial fit was applied to the neck strain valaes well as the top and bottom strain
values. The major engineering strain rate as atfumof time was then determined by
differentiating this polynomial, as depicted in &g 4.13. The difference in strain rate
criterion was applied by again comparing the strate in the necked row of grids (4, 10,
16) to the average strain rate in the top (5, I},ahd bottom (3, 9, 15) rows of grids
combined. The forming limit strains were then ewaéda for strain rate differences of
25%, 40% and 60% between the average neck valuwkshanaverage top and bottom
values. These steps were carried out three moesstior 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 plarstrain tests were calculated from the
major and minor principal engineering strain datattwas used to determine the
objective forming limits. Local forming limit thegprstates that the material has failed or
lost its strength when the Considére condition atisBed and strain rate in some
characteristic direction goes to zero as outlimedsection 2.1.1. For the plane strain
deformation path, the strain in the direction is always zero (or approximately zero);
hence the forming limit is reached as soon as thesidere condition is satisfied.

Once the local forming limit is reached in the $f@sts conducted for the current
study, a neck begins to form in the central gawggon of the sample and failure is
imminent. Accordingly, the average strain of the &md bottom rows begins to level off,
as can be seen in Figure 4.12.

For this study the local forming limit strain wabtained by examining the
average strain of the top and bottom rows. Firstrttaximum average strain of the top
and bottom rows is determined. Then the time atkhi 1% decrease in the maximum
average strain in the top and bottom rows occungied. The strain in the necked row at
that time is taken to be the local necking formiingit. Figure 4.14 shows the position
where the local forming limit was determined foe tADQRD3 test, corresponding to a

major engineering strain of 0.457.
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4.5 Experimental Error Analysis

An error analysis was completed to determine thererassociated with the image
capture and the image processing stages of theiegreal method. The analysis was
accomplished by capturing 20 successive images siigle undeformed plane strain
sheet sample. The sample used is shown in Figlige The resolution of a single grid on
the sample was held constant at approximately Y5160 pixels for all of the 20 images
taken. This resolution was achieved by mounting damera 76.2 cm away from the
gridded test samples, the same distance used €otPtRS. The same image analysis
technique described in Section 4.3 was used toepsoeach of the still images. Strains
were calculated to see if a state of zero strais b&ang measured, since the sample was
in the undeformed condition in all of the captupdebtos. The strain data obtained from
this analysis is indicative of the systematic eand variance associated with the image
capture and processing stages. This analysis peddac95% confidence interval of +

0.0007 engineering strain on any single strain oreasent.
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Figure 4.1: Experimental IPPS testing setup showing Instrarsite testing machine,
custom wide grips, in-view clock, digital camengdd and lighting.
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Screw adjust shaf

Figure 4.2: Close-up view of custom 101.6 mm wide grips, tmnhple and in-view
clock used during IPPS testing.
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Figure 4.3: Sample with dots and in-view clock shown duringl@RS test as captured
by the digital camera.

R 10 mm

@Imm\
4 mm
3

| Necking Axis 1= 50 mm

+/ | Q+T
318 mm{TJ L3.I8 rm - lmm

65 mm
- 85 mm

¥

i

¥

Figure 4.4: Sheet sample geometry used for IPPS tensiledestpleted in this research.
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%] 4

Figure 4.5: Marking press made from a custom support frame andhodified
microscope stage. IPPS samples are gridded with afbér their notch
geometry is machined.
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Figure 4.6: Image captured by the digital camera during arBIRt showing the region
of interest in the center of the DDQRD3 sample tredn-view clock.

Figure 4.7: Cropped region of interest from the center of Bi@QRD3 sheet sample
converted to grey scale (left) and grey scale inssggmented based on pixel
intensity (right).
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Figure 4.8: An example of dot location movement during IPPSstéhighlighting the
distortion of a single grid.
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Figure 4.9: The grid numbering within the region of interest.

TopRow —

Necked Row —

BottomRow —

Figure 4.10: Still image from the center region of the DDQRDi&ast sample after being
post-processed indicating top, necked and bottadrgws.



Chapter 4 Experimental Method 98

Group 1 Group 2

Group 3 Group 4

Figure 4.11: Four groups for strain analysis showing neckedsrawred and top and
bottom rows in yellow.
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Figure 4.12: Plot of average major engineering strain versue iin the necked row and

top and bottom rows of the first group of gridse(¢égure 4.11 group 1)

from the DDQRD3 sample.
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Figure 4.13: Plot of major engineering strain rate versus timtéhe necked row and top
and bottom rows of the first group of grids (segufeé 4.11 group 1) from
the DDQRD3 sample.
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Figure 4.14: Plot of major engineering strain versus time ia tlecked row and top and

bottom rows of the first group of grids (see Figdrél group 1) from the
DDQRD3 sample showing the time at which a 1% desem the
maximum top and bottom strain occurs. The straithénecked 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 erpeatal error analysis
test, zero applied strain.



This chapter summarizes the IPPS testing resulit ere obtained by the testing
method described in Chapter 4. It presents theifgrimit strains that were calculated
using the three objective forming limit criteriahi$ chapter also provides a comparison
of forming limit stress results that have been daled from the forming limit strain data
collected in the current study to strain data coieeeto stresses from full-scale THF
tests.

The failure locations of the full-scale tube bieigdand hydroforming process
being replicated by the small-scale testing in thissis have been outlined in Section
2.5.3. Failure was found to result from two dististrain path histories. The first was a
multi-path strain history with near uniaxial comgg®n in the RD of the sheet applied
during the pre-bending operation followed by plat®in circumferential expansion in
the TD during hydroforming. The second criticalastr path history was simply plane
strain in the TD due to circumferential expansiamrimg hydroforming. Figure 2.28
shows the failure along the neutral axis associaidtthe second critical path for a pre-

bent and hydroformed HSLA steel tube. This demates$rthe plane strain failure mode

103
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that is indicative of the THF process conductethatUniversity of Waterloo [34]. The
experimental IPPS test setup employed for thisishesly allows tensile forces to be

applied to the sheet samples; thus, only the @tmae forming limits were tested.

5.1 IPPS Failure Modes

The failure of the four sheet steels varied accwlgi with each material's tensile
strength. The DDQ steel, the weakest material \hithest elongation, showed the
largest amount of deformation in the neck regiotwben the time that the strain in the
necked row and the average strain from the topbattdm rows began to deviate and the
time when failure of the sheet occured. The HSL&ekalso exhibited a large amount of
deformation in the neck region during the IPPSingstFigures 5.1 and 5.2 show the
major principal engineering strains in the necked and top and bottom rows for the
DDQTD2 and HSLATD1 samples, respectively, as ationcof time. As can be seen in
Figures 5.1 and 5.2, the DDQ material exhibitsgh&ér amount of strain over the HSLA
material from the 7.5% to the 30% difference iraistrpoints, which were arbitrarily
picked to show a comparison between the two madeBath the DDQ and HSLA steels
show evidence of strain localization in the neck®a as the average strain in the top and
bottom rows in the two materials begins to levél(sée Figures 5.1 and 5.2) right before
the material fails completely. That is, deformatiorthe top and bottom rows stops and a
neck forms causing the sample to fail. Figuresan@ 5.4 show the failed DDQTD2 and

HSLATD1 samples, respectively. In Figure 5.3, tHe@I'D2 sample forms a neck and
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fails at the center of the sample under planerstasi expected before the neck grows
toward the sheet edges. The HSLATD1 sample in Eigu also shows evidence of a
neck forming near the center of the sheet sampth Bhe DDQTD2 and the HSLATD1
test samples were stopped during the IPPS testsebebmplete separation of the sheet
samples occurred.

In the strongest material, DP780, local necking &aitlre happens almost
immediately after the time that the strain in tleeked row and the average strain from
the top and bottom rows begin to deviate. The DP&@@l showed that more strain
occurred during the IPPS testing than for the DP5t@@l, but less strain than both the
DDQ and the HSLA steels. The major principal engiimeg strains associated with the
necked row and top and bottom rows in the DP600RD&@ DP780RD3 samples are
plotted as a function of time in Figure 5.5. Figh:® shows that there was little strain
localization in either the DP780 or DP600 mateaglindicated by a leveling off of the
average strain for the top and bottom rows. Itv&ent in Figure 5.5 that complete
failure occurs more rapidly in the DP780 steel tti@ DP600 steel. Figures 5.6 and 5.7
show the failed DP600RD2 and DP780RD3 samplesgeotisely. The failure of these
samples happens with little to no indication ofkieg beforehand.

The central region of each sample (region of irgigrmliowed a strain path very
close to plane strain during the IPPS testing. feigu8 depicts the strain paths achieved

for a sample of each of the four sheet steelsde3iee average strain paths, given by
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for the four steels are summarized in Table 5.2 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 prescribeSlection 4.2.1 were tested in the
RD and TD for each of the four steels. The RD abdtdsts were completed using the
IPPS setup described in Section 4.1. Ten tests wenegpleted on each material to
determine the RD forming limits and five tests wemmpleted on each material to
determine the TD forming limits. The forming linstrains were evaluated using the three
criteria defined by Section 4.4: difference in stradifference in strain rate and local
necking.

The forming limit strains that were calculated tbe DDQ, HSLA, DP600 and
DP780 materials in the RD using the differencetiais criterion are shown in Tables 5.2
to 5.5, respectively. The forming limit strains tthgere calculated for the DDQ, HSLA,
DP600 and DP780 materials in the RD using the miffee in strain rate criterion are
shown in Tables 5.6 to 5.9, respectively. The mgslata from a given test in some of
these tables is mainly due to poor image captuonthe particular test. For example, the
missing data in Tables 5.2 and 5.6 was the resulbbenough images being captured at
the beginning of the tests for the DDQ steel. Thesimg data from Tables 5.5 and 5.9 for

the 13% difference in strain and 60% differencestiain rate was attributed to the fact
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that some of the DP780 steel tests failed befonselhrespective difference levels were
achieved.

The forming limit strains that were calculated tbe DDQ, HSLA, DP600 and
DP780 materials in the TD using the difference tiais criterion are shown in Tables
5.10 to 5.13, respectively. The forming limit strigithat were calculated for the DDQ,
HSLA, DP600 and DP780 materials in the TD usingdifference in strain rate criterion
are shown in Tables 5.14 to 5.17, respectively.

For each of the four sheet steels, the averagergriimit strains were calculated
for both RD and TD. Tables 5.18 and 5.19 presanatterage forming limit results based
on the difference in strain criterion, whereas €abb.20 and 5.21 show the average
forming limits for the difference in strain rateiterion. The DDQ steel exhibits the
highest formability in both the RD and TD for alffdrence in strain and difference in
strain rate levels considered followed in ordeHS8LA, DP600 and DP780.

For each steel grade, it can be seen that thelagddwobjective forming limits are
similar between the RD and TD directions. The HSaAd DP600 steels show higher
forming limit strains using the difference in strairiterion when tested in the RD. The
DDQ and DP780 steel show higher forming limit steausing the difference in strain
criterion when tested in the TD. The DDQ, HSLA ab&600 steels show higher
predicted forming limit strains using the differenia strain rate criterion when tested in

the RD. The DP780 steel shows higher predicted ifagmimit strains using the
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difference in strain rate criterion when testethia TD. Given the level of statistical error

in the test data presented in Section 5.4, théehces are considered negligible.

5.3 Local Necking Forming Limit Strain Results

The local necking forming limit strains were cabgld by the method described in
Section 4.6. Since the DP600 and DP780 materidlaati show evidence of a local neck,
the highest average major strain from the top attbin rows was used to calculate the
local necking forming limit strains in these two terdals. The calculated local forming
limit strains for the RD and TD in the four steeades under study are listed in Table
5.22. Figure 5.8 shows a plot of major versus mprarcipal engineering strains for the
four sheet types, representing the local neckingifag limits of the materials. In all four
cases the local necking forming limits are highent any of the values obtained using
the two difference-based criteria. It is clear ttinet DDQ steel exhibits the highest local
necking forming limit strain followed by the HSLADP600 and DP780 steels,
respectively. There was little to no differencehe calculated local forming limit strains
in the RD versus TD tests for the four steels. Qné/DP780 steel showed a difference in
the predicted local necking forming limit strairoifin the RD to the TD. This difference
was modest, corresponding to 0.024 major engingedtirain, especially considering the
level of statistical error discussed in the nextisa.

It is worth noting that the local necking forminignit strains reported in Table

5.22 predict the onset of local necking in the makebefore the local neck can be
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physically seen in the sheet sample. For exankgire 5.9 shows an image from the
DDQTD3 test at a time of 219 seconds, which cowedp to the time at which the
forming limit has been reached based on the loeeking criterion described in Section
4.4.3. Figure 5.10 demonstrates that a local nretkd DDQTD3 sample material can not

be visually identified until a test time of 223 &csnds.

5.4 Repeatability of IPPS Forming Limits

For each of the four sheet steels, ten samples w@sted in the RD in order to validate
the repeatability of both the IPPS testing method e objective forming limit criteria
chosen. The forming limits were calculated accaydio the experimental method
described in Section 4.4. The level of statisterabr in the resulting forming limit strains
was evaluated by calculating a 95% confidence vatemassuming that these values are
normally distributed. The confidence intervals foe difference in strain and difference
in strain rate criteria, respectively, are presgnteTable 5.23. The calculated errors for
major engineering strain in the RD are quite snralhging from + 0.004 to =+ 0.028
engineering strain. Table 5.24 shows the confidemiszvals for the major engineering
strain forming limits in the TD tests that were etetined using the difference in strain
and difference in strain rate criteria, respectivelhe calculated errors for major
engineering strain in the TD are also quite snrahging from + 0.003 to + 0.024

engineering strain.
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The statistical error associated with determinimg liocal necking forming limit
strains were also calculated using a 95% confidémegval, once again assuming that
the strains are normally distributed. Table 5.26wsh the confidence intervals for the
major and minor engineering strains in the RD abdtdsts that were obtained for the
four steels using the local necking forming limiiterion. These values are more
scattered, ranging from + 0.019 to + 0.074 engingestrain. However, the local necking
criterion had to be modified for the two DP stesdsthey failed quickly without forming

a local neck (see Section 4.4.3).

5.5 Predicted Keeler-Brazier FLCs

The forming limit strain results calculated usiihg tocal necking forming limit criterion
reported in Table 5.22 of Sections 5.3 were usqutddict a Keeler-Brazier FLC for each
of the four sheet steels tested. Table 5.22 shbatghe calculated local necking forming
limit strains for each of the steels were the samthe RD and the TD except for the
DP780 steel, which had a higher calculated fornimg strain in the TD. However, due
to the statistical variance in the calculated feorgniimit strains, shown in Table 5.25, the
local necking forming limit strains for the DP78@a are considered to be the same in
the RD and the TD. Figure 5.11 shows the correKeler-Brazier FLCs for the DDQ,
HSLA, DP600 and DP780 sheet steels. The FLCs weneaed so that they would

intersect the calculated local necking forming tistrains.



Chapter 5 Experimental Results 111

5.6 Forming Limit Stress Results

The corrected FLCs for the four steels were themwveded from strain-space to stress-
space to obtain a predicted FLSC using the metlestribed by Stoughton [43] and
employing the equations outlined in Appendix A.Ugs 5.12 and 5.15 show FLSDs for
the DDQ, HSLA, DP600 and DP780 steels, respectiiedyh of these figures illustrates
the predicted FLSC and the stress path that therrabtollowed during the IPPS testing
up to the point when the local necking forming liriiterion was satisfied. Strain data
measured from full-scale THF tests completed byeaeshers at the University of
Waterloo was also converted into stress-space tapace with the experimental data
collected in this thesis. Only Figures 5.13 andiSriclude data from the full-scale THF
tests since there was no THF strain data availfabl¢he DDQ and DP780 steels. The
data from the full-scale tests represents the maxinstresses calculated from the
corresponding maximum strains in the tube after ra-bending and subsequent
hydroforming stage. Data is presented for variobisdce levels ranging from zero EF
to 0.50 yield strength (YS) EF at a pressure etu&0% of the tube’s maximum burst
pressure. Overall, the FLSDs show that the forntimgs obtained from the IPPS tests

are closely related to the full-scale test resatis the predicted FLSCs.
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Table 5.1: Average strain path values) 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 evaluatedngsthe difference in
strain forming limit criterion.

% Difference in Strain

Test 5 9 13

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 evaluateding 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
HSLARDS5 | 0.179 [ -0.009 0.222 -0.010 | 0.254 | -0.011
HSLARDG6 | 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 evaluatgging the difference in
strain forming limit criterion.

% Difference in Strain
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
DP600RDY9 | 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 evaluatgging the difference in
strain forming limit criterion.

Test % Difference in Strain
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 - -
DP780RDY9 | 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 evaluatedngsthe difference in
strain rate forming limit criterion.

% Difference in Strain Rate

Test 25 40 60

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 evaluateding 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
HSLARDS5 | 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 - - - - - -
HSLARDS8 | 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 evaluatgging the difference in
strain rate forming limit criterion.

% Difference in Strain Rate

25 40 60

Test Major | Minor |Major | Minor |Major | Minor
DP600ORD1 | 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
DP600ORD3 | 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
DP600ORDS5 | 0.144 | -0.006 | 0.169 | -0.007 | 0.200 | -0.007
DP600ORD6 | 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
DP600ORD8 | 0.141 | -0.006 | 0.160 | -0.006 | 0.193 [ -0.007
DP600RDY9 | 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 evaluatgging 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 evaluatedings 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
DDQTDS5 | 0.218 | -0.013 | 0.289 | -0.017 | 0.334 | -0.019

Table 5.11: HSLA IPPS forming limit strains for TD evaluateding 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 evaluaigging 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 evaluatgsing 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 evaluatedings 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
DDQTDS5 | 0.269 | -0.016 | 0.316 | -0.018 | 0.371 | -0.020

Table 5.15:HSLA IPPS forming limit strains for TD evaluateding 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 evaluaigging 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 evaluatgsing 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 evaluatedngsthe 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 evaluatedngithe 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 evaluatedngsthe difference in strain

% 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

rate criterion.

Table 5.21:Average forming limit strains for TD evaluatedngithe difference in strain

% 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 fer D and TD evaluated

using the local necking forming limit criterion.

RD D
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 engineeringistfar difference in strain

and difference in strain rate criteria forming lisniested in the RD.

% Difference in Strain %6 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 engineeringistfar difference in strain

and difference in strain rate criteria forming lisniested 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 engrimgy strains for the RD
and TD evaluated for the local necking criteriomong limits.

RD D
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 5.3: Failed DDQ sample number DDQTD2 showing the foramabf the neck in
the center of the sample.
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Figure 5.4: Failed HSLA sample number HSLATD1 showing the fation of the neck
in the center of the sample.
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completely.
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Figure 5.6: Failed DP600 sample number DP600RD2 showing timadtion of the neck
in the center of the sample.
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Figure 5.7: Failed DP780 sample number DP780RD3 showing timadton of the neck
in the center of the sample.
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Figure 5.9: Image of DDQTD3 sample after 219 seconds whichesponds to the time
at which the local necking forming limit strainpsedicted.
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Figure 5.10: Image of DDQTD3 sample after 223.4 seconds whatesponds to the
time at which the local neck can be first physicditected.
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This chapter comments on issues related to theypgstratus and sample geometry used
in the experimental method described in Chaptédtr discusses in more detail the results
presented in Chapter 5, as well as compares tferahte-based and local forming limit
results to existing sheet steel forming limit esties. A comparison of forming limit

stress results from Chapter 5 with external ressilidso discussed.

6.1 Test Apparatus and Sample Geometry

The IPPS test apparatus that was first conceiveWdiietta [2] and modified to work
with the testing method described in Chapter 4fopered well in gathering formability
data for the four automotive sheet steels testgdidthg a digital camera with 6.0 mega-
pixel resolution, the error associated with theadeapture and analysis for a 95%
confidence interval on a single strain measuremest reduced from + 0.02 engineering
strain (reported by Valletta) to + 0.0007 enginegrstrain. The addition of the screw
adjust mechanism, described in Section 4.1, proviaesimplified way to maintain a

constant pressure on the sample as it was beieggiato the grips and when load was

138



Chapter 6 Discussion 139

first applied. The inclusion of an in-view clockopided a means for measuring strain
rate during each test for subsequent use in tHerelifce in strain rate forming limit
criterion.

The IPPS test sample geometry that was employethioresearch proved to be a
good choice. The sample had a wide enough gaug®rsdrefer to Figure 4.4) that a
condition very close to plane strain deformatiorsvaghieved in the gridded section of
the sample during testing (see Figure 5.8). Theatiposg of the array of dots allowed
the samples to form a neck between two rows of dotshat the strain measurement

could be easily calculated.

6.2 Difference Forming Limit Criteria

The value of the two difference-based objectiveniag limit criteria to predict forming
limit strains in sheet steel was realized. Theed#hce in strain and strain rate criteria
both provided a non-subjective method for directiynparing the forming limit strains of
the four steels under study. For any of the diffeesin strain or difference in strain rate
levels, the formability of the four steels could dieectly compared. For example, Table
5.18 indicates that at the 5% difference in stiawel the DDQ steel has the highest
formability with an achievable major engineeringast of 0.226 in the RD. Both the
difference in strain and difference in strain ratiéeria indicated that the DDQ steel had

the highest formability followed in order by the HS DP600 and DP780 steels.
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Since the difference levels for both the strainecion and strain rate criterion
were chosen arbitrarily there can be no direct amapn between forming limit strains
that are predicted by the two methods. However difierence levels could be adjusted
so that a given percent difference in strain waqarkedict the same forming limit strain as
a given percent difference in strain rate. Also diféerence levels were not chosen to
correspond with any existing forming limit straimedictions obtained by alternative
means. For instance, the Keeler-Brazier [24] appraion predicts that failure in sheet
steel can be described by a general shaped FLG-(geee 2.10). The FLC’s minimum is
given by FLG which is determined using Equation 2.11. All of hercent differences in
both strain and strain rate reported in this thegisild under-predict the plane strain
forming limits obtained using the Keeler-Brazierpegximation. Thus, they would

produce a conservative estimate of the steels’ifagrimits.

6.2.1 Difference Forming Limit Comparison

The difference-based objective forming limit straisults for the four sheet steels,
presented in Chapter 5, were compared with fornlimgs calculated by Sorine [34]
based on free expansion tube burst tests. Then gpatis that result from the free
expansion tube burst tests are very close to pkEran, making them ideal for
comparison with the IPPS test results obtainedhis thesis. Figures 6.1 to 6.4 illustrate
the FLDs for the DDQ, HSLA, DP600 and DP780 stemtspectively. These figures

show the strain paths obtained during IPPS testiogg with predicted FLCs from sheet
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and tube n-values estimated using the Keeler-Bragiproximation. The figures also
show the predicted FLCs from hydroforming FEM siaiidns and experimental results
of free expansion burst tests on straight steetguffhe free expansion tube burst tests
and simulations were completed by Sorine [34] at Wmiversity of Waterloo on tubes
made from the same sheet steels examined in #B8ssthThere were two calculated FLCs
from the free expansion tube burst test result® oarresponding to the strain at
maximum internal tube pressure and the second imgt¢he strain at the tube’s burst
pressure.

Referring to Figures 6.1 to 6.4, it is clear tHa strain at which the maximum
and burst pressure FLCs cross the strain path#fesemt for each of the four steels
tested. It was found that both the percent diffeeem strain and strain rate objective
forming limit criteria could be adjusted to predibie points where the maximum and
burst pressure FLCs crossed the tested strain.pithsever, the percent difference
levels were found to be specific for each stedietksTable 6.1 illustrates the percent
difference in strain between the necked row andatlerage strain in the top and bottom
rows for the four sheet steels tested. The pediffietence was evaluated at a strain level
which corresponded to the maximum pressures anbuist pressures shown in Figures
6.1 to 6.4. Thus, the difference in strain andistrate forming limit criteria are not
applicable for predicting failure in free expanstabe 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 predictégilure in the steel by comparing the
average strain in the grid rows directly above beldw the necked grid row to the strain
in the necked row (see Figure 4.12). This critegtipulated that once the average strain
from the top (above) and bottom (below) rows redchenaximum and then leveled off,
the corresponding strain in the necked region vwedected as the local necking forming
limit strain. At this critical point, the strain gms to localize within the neck region of
the sheet sample and failure of the material isiment.

It was found that the local necking forming limititerion worked well for the
DDQ and HSLA steels since both steels showed eedence that the average strain in
the top and bottom rows leveled (see Figures 5d. @A) near the end of the tests.
However, in the case of the DP600 and DP780 sténedsnaterial fails so quickly that the
localization of strain within the neck region cahi@ captured (see Figure 5.5) by a
digital camera taking images at a rate of 2.5 fmamer second. The local necking
forming limit criterion was, however, able to pretihe local forming limit strains for the
DP600 steel tested in the TD and the DP780 stetdden both RD and TD with a small
level of statistical error (see Table 5.25).

The forming limit strains for the DP600 and DP78&8ets were predicted based
on the maximum average strain in the top and bottmns since there was no evidence
of a strain plateau. The errors reported in Tal®2®& Show that there is more deviation in

the predicted local forming limit strain in the DIBsteel’s RD compared to the TD. The
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error is also higher than that calculated for theal forming limit strains for the other

three materials by approximately 2 times. Thiscatks that the DP600 material failed at
more irregular strain levels in the RD than in T2 during the IPPS tests. A high error is
expected in the DP600 material since the matesializes quickly and a plateau in the
average strain in the top and bottom rows could beotcaptured. However, the error
associated with the local forming limit strains tbe RD and TD of the DP780 steel is
relatively low, thus showing that the DP780 matef@é@ed at a more consistent strain
level during the IPPS tests. The relatively lowoerresults for the DDQ and HSLA

shown in Table 5.25 indicated that the two stetds &iled at consistent strain levels

throughout the IPPS tests.

6.3.1 Local Necking Forming Limit Comparison

The local necking forming limit strain results fibre four sheet steels (from Chapter 5)
were compared with the predicted Keeler-BrazieesBeeel forming limits. Figures 6.1
to 6.4 illustrate the FLDs for the DDQ, HSLA, DP68Ad DP780 steels, respectively.
These figures show the strain paths that resultethgl testing and the forming limit
curves that were predicted using the Keeler-Braamgroximation for both sheet and
tube material n-values. The tube FLCs are plottedaf comparison to the sheet FLCs
only. The FLCs for the tubes are lower than the §E& the as-received sheet due to the
lower n-values that result from work hardening whemtube is formed from a flat sheet.

The FLCs that represent the free expansion tubst best predictions are much lower
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than the predicted FLCs based on the sheet andntwbiies. The strain paths followed
by the four steel grades all reach their formimgitiat strain levels below the predicted
sheet FLCs. The strain path of the HSLA materialsses the predicted tube FLC as
shown in Figures 6.2. However, a correlation betwte local necking forming limit
strain and the tube FLC is not suitable since dmming limit strains were measured on
flat sheet samples. The DP780 local necking formimgt strain path is significantly
lower than the predicted DP780 sheet FLC. The redso this large discrepancy is
unclear; however, one likely possibility is thaetBP780 material failed so quickly that
the true local forming limit was not captured.

It can be seen that the calculated local neckimgnifoy limit strains obtained in
this thesis provide an under-prediction of the skéeels’ formability when compared to
the sheet forming limits predicted by the KeeleaBer approximation. This is expected
for two reasons. The first is that the local negkiorming limit criterion predicts failure
in the sheet material before a visible neck caddiected in the deformed sheet sample.
It was found that by using the local necking forghlmit criterion, forming limit strains
were predicted at engineering strain levels of 3{&86 than when a visible neck could be
detected. The second reason why the forming lirars under-predicted is that the
Keeler-Brazier approximation is based on predicfiogming limits using out-of-plane
hemispherical dome tests and the IPPS tests enmtploythis thesis provides in-plane
deformation. As mentioned in Section 2.2.1 the fagrimits from in-plane deformation

tests are between 5-8% [13, 16] less than lim#irssr found using out-of-plane forming
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tests. Thus, the predicted local forming limit stsaobtained in this research would
correspond more closely to the Keeler-Brazier axiprations if these differences in
forming limit predictions are taken into considevat

An attempt was made to determine if a common pediéierence in either strain
or strain rate could be calculated to predict gl plane strain forming limit strain for
all four of the sheet steels. It was found that, dach of the materials, the calculated
percent difference in both strain and strain raas different. Thus, it would appear that a
specific percent difference in strain or strainerainnot 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 Tidperations completed at the University
of Waterloo have been identified in Chapter 5. Naltirpath testing was completed in
the current study since the compressive straiherfitst strain path history could not be
replicated using the IPPS experimental test methimivever, the critical path for the
second strain history was replicated through tHeSIResting that has been completed

herein.

6.5 Tube Hydroforming Data Comparison

The strain results from the full-scale THF testé][®&ere converted into stress-space so

that they could be compared with the predicted F4.§€nerated from the local necking
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forming limit strains reported in Table 5.22, adlioed in Sections 5.5 and 5.6. Figures
5.13 and 5.14 illustrate how the predicted HSLA &600 FLSCs are very close to
being able to predict failure in pre-bent and hjoinmed HSLA and DP600 steel tubes.
The predicted HSLA FLSC estimates failure for HSDEF and HSLA 0.25YS tests
well. Only the data from the HSLA 0.50YS test extabe predicted FLSC by a
significant amount. Conversely, the predicted DP&QEC estimates failure for the
DP600 0.50YS test the best. The data from the DIZEDP and DP600 0.25YS tests only
surpass the predicted DP600 FLSC by a small matgwould appear that the local
necking forming limit criterion under-predicts thee FLSCs for all end-feed levels on
the tested HSLA and DP600 steels. Unfortunatelydata was available for full-scale

DDQ and DP780 steel hydroformed tubes.

6.6 Strain Rate Comparison

The engineering strain rate that was used forBRSItesting in this thesis was nominally
0.025 & over the whole gauge region, which is an ordemafnitude faster than the
0.001 & strain rate previously used by Valletta [2]. Asnientioned in Section 3.3,
Valletta’s data suggests that the strain rate loasfiect on the forming limit for similar
DQ and DP600 sheet steels. Furthermore, the nor@ifab & strain rate employed in
this thesis is closer to the 0.04 strain rate used for the full-scale THF tests cmted at

the University of Waterloo. It has been suggestet the strain rates associated with
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real-world manufacturing THF processes are eveterfakan 0.04 S [2], so further

studies regarding strain rate should be carried out
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Table 6.1 The percent difference between the strain inntheked row and the average
strain in the top and bottom rows for the four kstéested herein, evaluated at
the strain which corresponds to the maximum andtlpressures as shown in

Figures 6.1 to 6.4.

% Difference in Strain
Max Burst

Material Pressure 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.



Chapter 6 Discussion 149

- 0.60
| 7
| / |
| / |
/// |
', . /A 1
ffffffff NN N T 5 050
‘ - | Lo
| _/f' [
l R =
. | 7 | S
,,,,,,,,,,,,, R N S I S =
N P | 0.40 0p]
: A l o
- w ! c
l l =
. | e )
e R o el 030 @
R : - ': E
‘ ‘ o)
- l c
S | L
—————————————————————————— ot deeeae-1 020 B
| | | (=)
=

—— DDQ Strain Path

—— DDQ Sheet n-value 0.10
— — DDQ Tube n-value

— - - Burst Pressure

---- Max Pressure
1 g 1 1 1 000

030  -0.20 -0.10 0.00 0.10 0.20 0.30
Minor Engineering Strain

Figure 6.1: FLD of DDQ steel showing the tested strain patth BhCs predicted using
tube and sheet n-values as well as the straineabtist and maximum
pressures for a free expansion tube burst simulatio



Chapter 6 Discussion 150

0.60
0.50
<
SR 3
********* AR 040 &
o
£
et SRR TSR 2T 030 9
R . £
o))
| [
! LLl
| | X 0.20 '§
—— HSLA Strain Path . PP ‘25
—— HSLA Sheet n-value ‘Y-~
— — HSLA Tube n-value 3 0.10
— - - Burst Pressure
- Maxl Pressurel l . 0.00

-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30
Minor Engineering Strain
Figure 6.2: FLD of HSLA steel showing tested strain path an$ predicted using

tube and sheet n-values as well as the straineabtinsst and maximum
pressures for a free expansion tube burst simulatio



Chapter 6 Discussion 151

. \ 0.60
N S 0.50
‘ =
: , T
————————— SO N\ 040
. : >
1 £
! 0.30 )=
1 o
‘ c
L
| | 020 o
x o y 1 5}
——DP600 Strain Path  ~.§ -~ =
. ——DP600 Sheet n-value ¥~ . S o] 0.10
— — DP600 Tube n-value | |
— - - DP600 Burst Pressure
---- DP600 Max P | |
6.00 ax r.essure . T T 0.00

030  -020  -0.10 0.00 0.10 0.20 0.30
Minor Engineering Strain

Figure 6.3: FLD of DP600 steel showing tested strain path Bh@s predicted using
tube and sheet n-values as well as the straineabtiist and maximum
pressures for a free expansion tube burst simulatio



Chapter 6 Discussion 152

0.60

~ 0.50

- 0.40

0.30

0.20

Major Engineering Strain

——DP780 StranPath & | 0.10
—— DP780 Sheet n-value
— — DP780 Tube n-value

v 1 ) O-OO
-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30

Minor Engineering Strain

Figure 6.4: FLD of DP780 steel showing tested strain path Bb@s predicted using
both tube and sheet n-values.



7.1 Conclusions

The following conclusions have been drawn from thesis:
An experimental method, originally developed by &k [2], that tests the
IPPS forming limits of small-scale sheet steel dasmwas modified to reduce
the standard error in the results.
The 95% confidence interval on a single strain mesment was reduced to +
0.0007 engineering strain through use of a 6.0 Ap&ga digital camera.
Three objective forming limit criteria have beenmayed to directly compare
the formability of DDQ, HSLA, DP600 and DP780 steeh difference in

strain, a difference in strain rate and a locakimegcforming limit criteria.
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All three objective forming limit criteria reportethat the DDQ steel
demonstrated the highest formability followed ider by the HSLA, DP600
and DP780 steels.

The three forming limit criteria employed in thisesis are not applicable for
predicting failure in free expansion tube burstges

The local necking forming limit criterion predicscomparable failure limit to
that predicted by the Keeler-Brazier approximatwimen the differences in
evaluation method discussed in Section 6.3 arentake account.

The two critical strain path histories for the THESts completed at the
University of Waterloo were identified as: a mukigstrain path and a single
strain path. The multi-path history consists ofrngaiaxial compression pre-
strain in the RD followed by circumferential plasteain in the TD. The single
path history consists of only circumferential platein in the TD.

The local necking forming limit strains were usex gdredict strain-based
FLCs which were then converted into stress-spacer¢ate FLSCs. The
predicted HSLA and DP600 steel FLSCs exhibited adesb level of
correspondence with the forming limits in the mialewhen compared to

stress data from full-scale THF tests.
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7.2 Recommendations

The following recommendations could be appliedutoife work in this area:
A camera with a higher capture rate and mediumigh hesolution could be
used to better capture the local forming limitshef DP600 and DP780 steels.
The IPPS sample geometry should be modified toigeomore clamping
surface for the grips to hold the sample. This meyide more consistent
failure of the sheet samples during testing.
Data from full-scale THF tests for the DDQ and D@ 7eels should be
compared to the predicted FLSCs converted fronstitaén based FLCs which
utilize the local necking forming limit strains.
A more detailed (microstructural) study should lmducted to determine
why the DP780 failed at such a low strain levelmythe IPPS tests.
Additional work should be conducted to look at gteain rate effect in IPPS
tests using strain rates that more closely matokettemployed in real-world
THF processes.
Multi-path strain testing could be completed to eyate non-critical strain
paths that occur on the outside of pre-bent anddfiganed tubes, e.g. near

uniaxial pre-strain.
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This appendix describes the method used by Stondhf] to calculated a stress-based
forming limit curve using the quadratic generallyisstropic plastic potential proposed
by Hill [44]. Hill's [44] plastic potential is a foction of the normal anisotropy

coefficients measured in the rolling, transverse diagonal sheet directions,(rss, roo,

respectively) and is given as follows:

EZJF@W-suy+G@u_smyH@m-swy+2Ls;+2Msi+2Nsi’ (Ai)

whereF, G, H, L, M and N are material constants. For the case omaimepstress, the
assumed condition in most sheet forming operati&agiation A.1 can be rewritten in

terms of the normal anisotropy coefficients as:

— 1+ 1+r o +r
s=\/H 052 +=—2s2 .25, 5 +0—L(1+2r,)s2 , (A2)

XX XX~ yy
r.0 r.90 r.O r.90

whereH is a material constanitl can be represented ag(1+ rqg) so that the effective

stress is equal to the true stress under uniaedaaian in the rolling direction.
160
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Stoughton [42] showed that for cases where tharsdieess component is equal to
zero, the stress and strain components along trend-y-axis could be replaced with
major and minor principal stresses and straingeds/ely. Stoughton defined the ratio
of 2to 1( yyt0 x) as being equal to using the following equation:

_ b+(/r))+1
a= ’
1+ (U ry,)+ b

(A.3)

where is the ratio ofd »/d 1 or »/ 1 as defined in Section 2.1. The ratio of effective

stress to ; was represented bythrough the following:

+ +
X:\/H 40 Il p2 5y (A.4)

r.O r.90

The ratio of effective strain to dwas represented byusing the following equation:

/ - r.OrQO 1+r90 +1+ r.O b2+2b . (AS)
H (1+ r.O + rQO) r.90 r.0

Stoughton used the well know Hollomon [5] powes+laardening model, given
by Equation 2.3, to relate effective stress to atife strain. Using these equations
Stoughton was able to successfully map formingtlistiain data into stess-space to
determine stress-based forming limits.

Finally, Stoughton developed equations for conmgrimulti-path strain results

into stress-space. If the pre-strain and finalististates are given bye,,e,) and
(elf , €4 ) wherei andf denote initial and final strains, respectivelyerththe principal

stresses become:
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s zg(é(eli'ezi)-'-é(elf - 6,65 - 6y )) (A 6)
! X(a(ezf - ezi)/(elf -6y »
and
s, = Eri - 6y . (A.7)

€ - €



