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Abstract

The focus of this research was to determine the yielding and work hardening behaviour of two
anisotropic steel sheets (DP600 and HSLA). Uniaxial tension and compression tests were
pefformed in the rolling and transverse directions and at 45 degrees to the rolling direction for
.each sheet. Plane-strain tension tests wére carried out along the rolling and transverse
directions. Digital image correlation was used to determine the strain distribution throughout

the gauge region.

The stress-strain response of the plane-strain tension specimen was estimated through a

comparison of the experimental and numerically predicted load-strain response.

Yield stresses in uniaxial tension were obtained for various yield offsets, and R-values were
obtained, allowing for the anisotropy of each steel sheet to be determined. Yield data was also
obtained in plane-strain and equibiaxial tension, pure shear, and uniaxial compression for

corresponding values of plastic work per unit volume from the stress-strain response.

Hill's 1948 R-based and stress-based yield criteria, Hill's 1979 planar-isotropic yield criterion and
Barlat's YId2000-2d yield function were evaluated at each value of plastic work per unit volume,

and compared aga'inst' the experimental yield data obtained.

A low degree of anisotropy was noted for both materials. While all yield functions provided
similar results for DP600, it was noted that Hill's 1948 R-based criterion and Hill's 1979 yield
criterion were u‘nable to accurately predict matel\'iél behaviour for all yield offsets for HSLA. It
was found that Barlat's YId2000-2d provided the most accurate representation of the

experimental data.
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1. INTRODUCTION

/ During the 1970's, oil shortages in the United States prompted the National Highway Traffic
Administration to establish Corporate Average Fuel Economy (CAFE) regulations in order to improve
the fuel economy of passenger cars and light trucks. One method that contributed towards this was

the reduction of vehicle mass.

In the 1990's, many factors, including increased safety and environmental regulations, and increased
comfort and performance requirements from customers resulted in mass increases compared to
previous generation vehicles. Systems such as reinforced body structures and driver assistance
systems result in additional components and increased mass. An increase in automobile mass has

many undesirable effects including increased fuel consumption and vehicle emissions.

\

In 1998, the UltraLight Steel Auto Body (ULSAB) report [1, 2] was released, detailing the results of
work to reduce automobile mass, while increasing safety performance. Mass reductions result in
increased fuel efficien&y, and a reduction in toxic emissions. The ULSAB Consortium achieved this
through the introduction of a new generation of steel grades and advanced manufacturing

processes.

One contribution to the reduction of vehicle mass was the introduction of advanced high strength
steels (AHSS) into the body and structure. Due to their. increased strength,' AHSS allow for a
reduction in thickness of sheet metal components without compromising impact resistance: this
down-gauging Ieads to a decrease in the mass of vehicle body-in-white compared to vehicles
manufactured from conventional mild steel grades. Figure 1.1 indicates the relative strength and
formability of advanced high strength steels (in colour), high strength steels (in light gray), and mild

. steels (in dark gray).
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Figure 1.1: Schematic of advanced high strength steels, high strength steels, and mild steels [3]

Other technologies for achieving mass savings include the ’iuse of advanced manufacturing
proceéses, such as hydroforming and tailor-welded blaﬁking. Tailored blanking is a process in which
steels of different Strengths or thicknesses are laser welded to create an engineered blank that can
then be stamped or drawn into shape. This allows for larger quantities of steel in desired areas

while allowing for reduced steel quantities in areas where mass can safely be removed.

HYdroforming is a process in which hydraulic pressure is applied to a tube or sheet specimen in
order to obtain a desired shape. Tubular hydroforming allows for the creation of variable cross-
sections in a single tube allowing for a reduction in the number of required parts.  Sheet
hydroforming achieves improved surface quality through the use of hydraulic pressure, by

eliminating metal-on-metal contact that exists in conventional stamping.

Through the im'plementation of advanced high strength steels and advanced manufacturing

processes, the ULSAB Consortium was able to obtain mass reductions up to 25%, while providing



increased séfety and maintaining manufacturing costs. Furthermore, the ULSAB design achieved an

80% increase in torsional stiffness, and a 50% increase in bending stiffness over benchmark vehicles.

One disadvantage with the implementation of advanced high strength steels is their increased
springback after the forming process. Springback results from residual stresses which develop in a
sheet metal during the stamping process, and causes a recovery of some of the elastic deformation
that occurs during the forming process. In order to determine the desired final geometry,
springback is predicted using finite element simulation. The georﬁetry of the stamping dies is
subsequently modified to compensate for the springback. This entire die desigﬁ process is carried

out virtually, as this reduces the time and costs associated with prbduct development.

Another method for reducing costs associatéd with producing new vehicle models, is the creation of
virtual models to predict the crash response of the automobile. Numérical modelling of automobile
crash response allows analysis and improvement of component and system behaviour before
physical prototypes are created. This results in a decrease in the number of prototype\models
required before a vehicle is commercially released. In order to accurately simulate the cr'ash
response of an au‘tomobile, many factors are considered. These include, but are not limited to,

contact response, load application, and material behaviour.

The numerical simulations required to predict springback in individual components and those
carried out to predict the vehicle response under dynamic impact loads are generally based on
phenomenological models of material behaviour. Research conducted over the last few decades has
contributed towards improving the accuracy of material \models and thus enhancing the reliability of
predictive simulations. Two of the most important elements of material models that are used to
.simdlate the plastic behaviour of sheet metal are the yield function that describes the states of
stress that lead to p'Iastic deformation and a stress-strain relationship that describes the work
hardening of the sheet material under consideration. It is essential to accurately model both these

functions in order to correctly predict sheet metal behaviour.



The purpose of this research was to experimentally determine the yield locus of a dual-phase
(DP600) steel sheet material and a more conventional high-strength low-alloy (HSLA) sheet Steel.
Both these sheet materials were used in Numisheet 2005 Benchmark #3 [4], and therefore a
considerable body of experimental data already exists._However, in order to take ad\/antage of this
benchmark data to validate advalnced material models more extensive material characterization is
needed for these materials. These experimental yield loci will therefore expand the existing data set

and enhance the value of this benchmark.

Chapter 2 provides an overview of anisotropy, including yield functions used to describe the yield
behaviour of anisotropic materials, and experimental methods used to defihe key points on the
anisotropic yield locus. An introduction to digital image correlation is also presented. Chapter 3
provides details of the experimental procedure used for defining the yield loci. The stress-strain
response was obtained for uniaxial tension and uniaxial compression in the rolling and transverse
directions, as well as at 45 degrees to the rolling direction. Moreover the stress-strain behaviour was
also determined for plane strain tension in the rolling and transverse directions. Yield data were
obtained from the stress-strain curves for all tests. The experimental yield data were‘then compared
to theoretical anisotropic yield functions, and the most appropriate yield function was selected for
each of these two sheet materials. Experimental resuits ar;e presented and discugséd in chapter 4,

and chapter 5 provides conclusions obtained from this research.



2. LITERATURE REVIEW

This chapter provides an overview of the literature relevant to this study. Section 2.1 provides an
overview of anisotropy, and discusses the plastic anisotropy coefficient. Section 2.2 discusses
various yield functions used to describe the yield behaviour of anisotropic materials, including Hill’s
: 1948. and 1978 yield functions and Barlat’s YId2000-2d. Section 2.3 provides an overview of
experimental tests used for obtaining points on the‘yield locus of anisotropic materials.’An overview

of digital image correlation (DIC) is provided in Section 2.4.

2.1  PLASTIC ANISOTROPIC COEFFICIENT

Anisotropy is a characteristic of materials whose mechanical properties vary with orientation.
Anisotropy typically results from the cold rolling of sheet metal, during which crystallographic
texture develops to strengthen the sheet metal in certain directions. Figure 2.1 provides a schematic.

of the cold rolling process, showing the rolling and transverse directions.

Figure 2.1 Schematic of cold rolling process showing rolling (X) and transverse (Y) directions



The degree of anisotropy can be described by the R-value, also known as Lankford’s coefficient. The
R-value is the width-to-thickness true strain ratio, typically obtained after 10 to 15% strain in

uniaxial tension, and is defined in Equation 2.1.
(2.1)

Typical R-values range from 0.4 to 5 [5]. Since the thickness strain is difficult to measure, the

R-value can also be obtained through Equation 2.2. [6]

i 1 -

ee )

This equation can be deduced from the assumption that the volume of material remains constant.

(2.2)

—

This assumption only holds true when the elastic strains are negligible in comparison to the plastic
strains. In order to obtain a n/1ean R-value for a sheet material with normal anisotropy, the R-value .
is measured in the rolling direction, the transverse direction, and at 45 degrees to the rolling
direction, and averaged using 'Equ’ation 2.3.

R, +2R, + R,
4

R= (2.3)

2.2 ANISOTROPIC YIELD FUNCTIONS

The yield point of a material is theoretically defined by its elastic limit. Yield offsets can also be °
defined based upon other characteristics, including set values of plastic work or strain. A 0.2% offset
is typically used in engineering applications, especially when an elastic limit cannot be clearly

defined.



Von Mises' yield function provides an accurate prediction for stress states at which yielding will
occur for many ductile materials. However, von Mises' yield criterion is only applicable for isotropic
materials, and is unable to accurately predict yielding for anisotropic materials. Multiple yield

functions have been proposed to define the plastic anisotropy of sheet metals.

2.2.1 Hill’s 1948 criterion

In 1948, Hill proposed one of the first anisotropic yield functions [7], as an extension of von Mises'
yield criterion. Hill's 1948 criterion makes use of the yield stresses in different orientations of a

sheet metal to determine the yield locus, as indicated by Equation 2.4.

oy =F(o,-0,) +G(o, -0,)’ +H(o, -0,)’ +2L0%. +2Mo’»2No’y =1 (2:4)
Where Eeff represents the effective stress, typically chosen as the uniaxial flow stress in the rolling

direction. For thin sheet metals, out-of-plane stress components can generally be neglected.

6,=6, =6, =0 (2.5)
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where ¢’,, ayy, and o' are the yield stress in the rolling direction, the transverse direction and in

“equibiaxial tension, respectively.



Hill's 1948 yield criterion can also be written in terms of R-values, as shown in equation 2.10.
-— 2
Roo'j + R9oo'f + Ry Ry, (O'x - O_y)z + (2R45 + IXRO + Ry, )O.fy = (R9o + Ry Ry, )Geﬂ (2.10)

While no direct rélationship exists between Hill's 1948 R-based and stress-based yield functions,

similar yield loci are typically obtained regardless of which expression is used.

Due to the simplicity of Hill's 1948 criterion, it is often used to model the behaviour of low-carbon

sheet steels.

2.2.2 Hill's 1979 criterion

It has been shown that Hill's 1948 criterion fails to provide an accurate analysis for materials with
R-values less than 1 [8]). In order to overcome this limitation, Hill's 1979 vield criterion was
proposed [9, 10] which incorporates a material characteristic (m) as shown in Equation 2.11. The m
value causes distortion of the yield ellipse along the equibiaxial direction. When the value of m is

less than 2, the yield surface is elongated, as shown in Figure 2.2.
ow =f(0,~0,)"+g(0,~0,)" +ho, ~5,)" =1 (2.11)

When m is equal to 2, Hills 1979 criterion reduces to Hill's 1948 criterion. Coefficients F, G, and Hin

Hill's 1948 vyield criterion are equal to the values of f/Ee;, , g/Eesz , and h/E;f , respectively.

In the case of in-plane isotropy (normal anisotropy), for plane-stress deformation, Hill's 1979 yield

criterion can be written as shown in Equation 2.12.

Bl

Co = {E(IL—E) [(1 +2R)o, -0, ) +(o+a,) ]}

(2.12)
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Figure 2.2 Effect of coefficient m in Hill’'s 1979 yield function on the shape of the yield locus [9]

2.2.3 YLD2000-2d

In 2003, Barlat et al. [11, 12] proposed another plane-stress anisotropic yield function. This yield
function uses linear transformations of the Cauchy stress tensor to define the yield locus of a

material.

265 =|X] - X3|" +]2x5 + X" +|2x7+ Xx3|° (2.13)

where X'; and X''; are principal values of the stress deviation tensors, as defined by equations 2.14
and 2.15 and a is a material-dependant parameter — typically a = 6 for body-centred-cubic (bcc)

materials and a = 8 for face-centred-cubic (fcc) materials.



Xy =4+ 20, 4l -2, +ax?) (2.14a)
Xy =3( x4 X, -l - x, F e ax ) (2.14b)
: " 1 " " ” n \2 "2
X! = 5(Xm X0 Jxn -xn P raxs ) (2.153)
X! = ,%(XZX v xn —Jxn - xn ¥ v axe? ) (2.15b)
X' and X”’;are defined by:

—XJICX- _C1,1 C’1,2 0 -_Sxx_

X),/y = C;l C;Z 0 syy

_X;y_ 0 0 Cgé__sxy_

- N (2.16)

Xo| |G Gy 0 |s,

X)"W =Cy, C), O S,

X'l o o s

xy L

where C'; and C"; represent the anisotropy coefficients. In order to obtain these coefficients, a
system of equations is developed based on the yield stresses and R-values from uniaxial tension
tests at 0%, 45° and 90° to the rolling direction, and the equibiaxial stress state. Barlat's yld2000-2d is
often de'fined‘by anisotropy coefficients a;- ag, which are related to the C'; and C"; coefficients
through.equ:ation'2.1'7. ’

a, =Cj,

a, =Cy

a, =2C5 +C))

2a, =2C3, +C),

2a, =2C!, +C,

a, =2Cl, +C,

(2.17)

all
a; = C

o
ag = Cg

When all 8 alpha coefficients are equal to 1, Barlat's yld2000-2d reduces to an isotropic yieI‘d

function.
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While this function was developed for aluminum alloys, it can be applied to describe the anisotropic
behaviour of sheet steels under plane-stress conditions. YLD2000-2d provides an accurate yield

locus, matching experimental results, and is considered a valid yield function for linear strain paths.

2.3 EXPERIMENTAL DETERMINATION OF THE YIELD LOCUS

In order to obtain the experimental yield locus, several yield stresses were determined in principal
stress space. These stress states, represented in Figure 2.3, provide a basis upon which the yield
locus can be estimated. Once the yield stress is“determined in uniaxial tension (1), plane-strain
tension (2), uniaxial compression (3), equibiaxial tension (4), and pure-shear (5) points, a curve is
fitted through these points. Due to the nature of anisotropic materials, these points must be
measured in both the rolling and transverse directions, for both tension and compression (note: the
equibiaxial point involves testing in both the rolling and transverse direction). Materials are assumed
to be orthotropic, with the anisotropic characteristics being symmetric about the rolling and

transverse axes.

Oy

Ox

Figure 2.3 Yield locus representing key points for measurement (1 — uniaxial tension, 2 — plane-
strain tension, 3 — uniaxial compression, 4 — equibiaxial tension, 5 — pure shear)
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2.3.1 Plane-strain tension

Plane-strain conditions exist in specimens that are very wide, and where the strain across the width
is zero. Plane-strain tension tests generate the maximum positive values of the yield stress for the

rolling and transverse directions.

When a force is applied to a wide plane-strain specimen, stresses occur in the direction of the
applied force as well as in the direction perpendicular to the applied force. Figure 2.4 shows the
strain vs. position graph for a plane-strain specimen, with a well-defined section of plane-strain

(,/&x > 5) [13] from approximately 7 - 72 mm along the width.

3.3
0.4 ] E ——mgjor -0 mnor j{'
03 F\! Va
= .02 F Y ,.//
= ' -
® 1 oo |
= 0 F o 00000000000.000000 Y
01 5 5
L2 F : '
03 ' . I : % !
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Figure 2.4 Strain distribution of major and minor strain in plane-strain test

(LC-steel. W=81mm)[14]

As no ASTM standard exists for plane-strain tension tests, specimens used in plane-strain testing
contain only basic similarities. Work was performed by Wagoner [5, 13, 15] to create a specimen
with a large plane-strain region. This specimen, Wagoner's 'H' design, is shown in Figure 2.5, as well
as Wagoner's 'B' design. Tests by Vegter et al. [14] concluded that plane-strain conditions were not

dependant on specimen width, once plane-strain conditions were obtained.

12
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Figure 2.5 a) Wagoner's 'H' design for plane-strain specimen b) Wagoner's 'B' design for pléne-

strain specimen [5] -

In order to obtain approximations of the stresses in a plane-strain specimen, Wagoner used uniaxial
tension results to obtain an estimate of the load supported in the edge region, defined by the region
where |g,/ & |< 5.. These loads were then removed from the total load applied to the specimeh in
 order to obtain an estimate of the load applied to the plane-strain region; The effective stress was
obtained using Hill's 1948 yield criterion, and the effective strain was obtained by averaging the

strains measured over the plane-strain region.

2.3.2 Equibiaxial tension

Equibiaxial tension occurs when equal tensile loads are applied to a specimen along perpendicular
axes. This provides the stress state where the stress in the rolling direction is equal to the stress in
the transverse direction. While there are methods for obtaining this point on the yield locus, they

often require the use of expensive equipment.

One method, the hydrostatic bulge test, involves clamping a circular blank and applying water
pressure to one side of the specimen [16]. The hydrostatic pressure causes the specimen to bulge
out in such a way that the stresses in the specimen are equal in all directions expanding radially

from the specimen center.

13



Another popular method for determining the equibiaxial tensile yield stress involves the use of
cruciform specimens. Multiple designs of cruciform specimens exist [17-25], one of which is shown
in Figure 2.6. By applying equal forces to all arms of the cruciform, the central section of the

specimen undergoes equibiaxial tension.

% Tal o g
clamped area

Figure 2.6 Cruciform specimen [24]

The hydrostatic bulge testing provides stress and strain data up to large strains, however as the
onset of bulging can occur suddenly, it is often difficult to obtain accurate results at low strains. By
changing the specimen shape from a circular blank to an elliptical blank, the bulge test can also be
used -to obtain other biaxial stress ratios on the yield locus, however as indicated earlier, the

hydrostatic bulge test requires testing equipment that is not always readily available.

The cruciform specimen can also be used to obtain multiple points on the yield locus — by modifying
the ratio ‘of the applied forces, every stress state in the positive quadrant of the yield locus can be
obtained — however the equipment required to perform testing on a crucfform specimen is, as with
the hydrostatic bulge, not often available. Furthermore, the stress concentrations in the corners of

the specimen limit the useful range of stress and strain data to levels of effective strain below 0.2.

14



Various methods exist for calculating the R-value during an equibiaxial tension test [26]. The first
method, as shown in Equation 2.18, relates the transverse (g7) and longitudinal (g,) strains.

&

R, =—L (2.18)

gL
According to the associated.-flow rule of plasticity, the R-value of a material is related to the tangent
of the yield locus, as shown in Equation 2.19.

do, _l+r do, 1y

;00 =05 =——;0,=0 2.19
do, r. " do, l+n, °© (2.19)

If this is assumed, the R-value for the equibiaxial tension test can be obtained through

Equation 2.20.

R, =% (2.20)

2.3.3 Uniaxial compression

Unlike the uniaxial and plane-strain tension tests, compression testing provides many difficulties for
sheet metal specimens. Due to the reduced thickness of sheet metal specimens, elastic buckling can
occur very easily. Buckling is a failure mode that occurs in compression,' often before the ultimate
compressive stress of the material, and occasionally before the yield stress, due. to elastic instability
of the specimen. As a result, the specimen must be designed so that yielding will occur before

buckling.

There are two potential methods to increase the critical buckling force for buckiing, as defined by
the Euler equation (Equation 2.21). The first method involves re‘ducing the length of the specimen.
As shown in Euler's equation, the critical force is inversely proportional to the length squared, and a
decrease in specimen length results in an increase in the critical force. The second method involves
_increasing the thickness of the specimen. As indicated by the second moment of the cross-sectional
area (Equatioh 2.22), an increase in specimen width results in a direct increase of the critical force,

while an increase in specimen thickness results in a cubic increase of the critical buckling force.

15
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£, = W (2.21)
where
3
I % (2.22)

Multiple testing procedures exist for uniaxial compression tests. One method is the use of small,
narrow specimens [27]. Other methods exist for obtaining the uniaxial compression yield point,
involving other methods of support for the specimen (28-32], examples of which are shown in
Figure 2.7. Measurements are obtained by strain gauges located either élong the edge of the
- specimen, or through slots focated on the surface of the support fixture. ASTM standard E9 [33]
provides specimen geometries for various support fixtures, however no standard exists for a single
thickness specimen. One method for obtaining a thicker specimen involves bonding multiple
specimens together [34]. Due to the cubic relation, by gluing two specimens together, the force
required for buckling increases eight times. While using laminated specimens results in a significant
increase in the buckling force, the adhesive involved in laminating the specimens will affect the

characteristics of the specimen. This must be accounted for in order to obtain accurate stress data.

Specimen support can produce other difficulties that must be overcome. Use of a suppoft structure
introduces the potential for friction between the specimen and the support fixture. This friction will
affect the yield point, and must be accounted for in order to obtain accurate results. Another
problem involves bbtaining in process data. As the support structure is meant to enclose the
specimen, it is often difficult to obtain strain measurements until the test is complete. In order to
obtain the strains at the yield point, the support structure must be designed to allow for in-process
strain measurements. The use of a support system causes frictional and biaxial loads which can be

overcome with the use of lubricants [34] or accounted for in the calculation of stresses [35].

16
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Figure 2.7 Methods for compression testing. A [36] B [37] C [34] D[35]

2.3.4 ’Pure shear

A final test can be performed to determine a yield point in quadrants Il and IV where the stress in
the rolling direction is equal to the negative value of the stress in the transverse direction. While
the pure shear test is often considered unnecessary due to minimal curvature in quadrants Il and 1V,

cyclic shear tests were performed to measure the Bauschinger effect on a material [38].' Figure 2.8

17



shows the shear specimen proposed by Miyauchi [39], which causes simple shear in the shaded

region through the application of opposing loads as indicated.

il

Undeformed Deformed

Figure 2.8 Geometry of pure shear specimen [14]

Another method for obtaining shear stresses was presented by Thuillier and Manach [40] and
Carbonniere et al. [41] and involves the use of a rectangular specimen, and the testing apparatus
shown in Figure 2.9. This procedure involves the use of a single fixed clamp, and a moveable clamp

which is used to apply shear loads.

y . : —

1. Specimen

N
e § 2. Moveable Grip
N

A,

3. Fixed Grip
— 7 4. Load Cell
5. Hydraulic Actuator

AN
L

N 6. Actuator Displacement
Sensor
9|
’ 7. Computer

Figure 2.9 Schematic of a simple shear test apparatus developed at
the Université de Bretagne-Sud [40]
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2.4 DIGITAL IMAGE CORRELATION

The accurate measurement of strain is important to properly define material response. Strain
gauges are often used to experimentally measure strains. Strain gauges provide an average one-
dimensional strain over the Iength of the gauge. Unfortunately, in order to obtain an accurate
representation of strains across a large surface with varying strains, mulfiple strain gauges in

multiple orientations are required.

Another method for obtaining surface strains on a deformed sheet specimen is the circle grid
fechnique. This process involves the application of a circular grid pattern of a known radius. Once
surface deformation has occurred, strains are :obtained through the measurement of circle
deformation, allowing for multi-directional surface strains to be obtained. This is often a lengthy
and tedious process, as the deformation of many circles must be measured in order to obtain a
complete surface strain diétribution. The accuracy of the circle grid technique is dependent on the
size of the grid, and a reduction in grid size causes an increase in the time required to obtain strain

‘measurements.

v

A faster and more efficient way of measuring multi-directional surface strains is to use DIC
measurement techniques. DIC is a process in which displacements and strains are measured from
digital images. DIC works through the tracking of a pattern on fhe surface of a specimen. The use of
images in calculating strains is not new; Wagoner [5, 13, 15] used a circle-grid pattern on his plane-
strain specimens, and took a series of images throughout the test. Strain values were then
calculated at each image thrbugh measurement of the deformation of the individual circles.
Rao [42, 43] applied a grid pattern to tensile specimens, and strains were obtained through the
deformation of the grid. Development of computer technology and digital camera resolutions allow

for increased accuracy of calculated strains on a finer scale.
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Macro-image facets are created through the image using a series of pixels (typically 5-20 pixels per
side) across the image, allowing for sub-pixel accuracy [44]. The number of facets within.an image
depends on the resqutiQn of the cameras used, and the de‘fined size and overlay of the facets,
however it is possible to get thousands of facets over an image (a13 X 13 pixel facet with a 2 pixel
-overlap allows for the formation of over 10,000 facets on an image with a resolution of 1280 x
1024). The centre location of each facet provides surface éoordinates, and the locations of these
facets are tracked through the series of images. In order to obtain strain values, the centre location

of the facet is measured with respect to the surrounding facets.

At each stage, the strain, displacement and rotation values are obtained with respect to a reference
stage. Typically, the initial image provides the reference frame from which measurements are taken,
and further images are taken either during or after the deformation of a specimen. However strains

can also be obtained with respect to a reference stage other than the initial stage.

A single camera DIC system is able to measure in-plane deformation, while a multi-camera system is
able to obtain 3-dimensional measurements of strains and displacements. DIC provides a non-
contact measurement technique which is able to analyse strain fields over an entire surface, and is

not restricted to a single axis, as with most extensometer measurements.

High sensitivity can be obtained using DIC, with a displacement sensitivity on the order of 1/30,000

the field of view [44], and with a strain sensitivity of 50-100 micro-strain.

The accuracy of results obtained using DIC techniques is dependent on many factors [45], including
the resoluticn and configuration of the cameras used, the quality of the light source, the accuracy of
calibration, and the quality of the surface pattern. Using DIC equipment, it is possible to measure

strains from 0.05% to several 100% [46], depending on the quality of the aforementioned factors.
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3. EXPERIMENTAL PROCEDURES

The objective of this study is to experimentally determine the yield locus for HSLA and DPGOO sheet
steels, with a view to more accurately modelling the behaviour of automotive steel sheets used in
complex forming processes. This chapter provides an overview of the procedure used to obtain
yield loci. The experimental testing performed in this research included uniaxial tension, plane-
strain tension, and uniaxial compression of HSLA and DP600 specimens under quasi-static loading to
determine the yield locus of both materials. Both uniaxial tension and uniaxial compression tests
were performed in the rolling and transverse direction, as well as at 45 degrees to the rolling
direction. Plane-strain tests were performed in the rolling and transverse direction. Strain

measurements were obtained using DIC techniques.

Section 3.1 discusses the specimens used in the study, including the specimen geometries and
specimen preparation procedure. Section 3.2 discusses the experimental and analysis procedure,
including an overview of the testing equipment and the validation of the d‘igitval image correlation
equipment. Section 3.3 discusses the procedure for obtaining plane-strain results. All tests were
performed in the Engineering Mechanics Lab at the University of Windsor. Section 3.4 discusses
shear tésts and equibiaxial tension tests carried out by third-parties and which were used to obtain

yield points.

3.1 TEST SPECIMENS

3.1.1 Material grades

Experimental testing was performed on DP600 and HSLA steels used for the Numisheet 2005

benchmark tests. Materials were cold rolled then hot-dipped in a zinc coating.
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DP600 is a dual-phase steel, which consists of ferrite and martensite phases. Dual phase steels
exhibit excellent ductility, as well as high WOrk—hardening characteristics. These properties result in
increased ultimate tensile strengths of dual-phase steels compared to other steels with similar yield

strength.

HSLA is a ferrite steel which is strengthened by the presence of micro-alloying elements including
manganese, chromium, and copper. These alloys contribute to fine carbide precipitation and grain-

size refinement.

3,1.2 Specimen geometries

Three types of tests were carried out in this research - uniaxial tension, uniaxial compression, and
plane-strain tension tests. The geometry of the specimens used for each test is presented below.

The DP600 specimens were 1.0mm in thickness, and the HSLA specimens were 0.8mm.

3.1.2.1 Uniaxial tension

The most common method for determining sheet mechanical properties is the uniaxial tension test.
' This involves applying a tensile load to a 'dog bone' shaped specimen. Due to the constant cross-
seétion, the strain distribution in the gauge area is uniform, allowing for high measurement
_accuracy. Unlike other testing methods, the geometry of specimens for the uniaxial tension test is

controlled by the ASTM E8 standard [47].
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Uniaxial tension tests were performed to obtain yield stress, as well as the plastic anisotropy values
of the materials, in the rolling and transverse directions. Specimens were taken in the 'rolling a\nd
transverse directions, as well as at 45 degrees to the rolling direction, in accordance to ASTM
standard E8M as shown in Figure 3.1. Five specimens were prepared in each direction to ensure

acceptable repeatability in the results.
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Figure 3.1 Uniaxial tension specimen corresponding to ASTM Standard E8M (dimensions in mm)

3.1.2.2 Uniaxial compression

Uniaxial compression tests were carried out to obtain stress-strain curves and yield stresses for each
material. As with uniaxial tension, specimens were prepared in the rolling and transverse'directfons,
as well as at a 45 degree angle to the rolling direction. In order to obtain strain data using DIC, a
buckling-prevention support fixture could not be used, since the support fixture would prevent the
acquisition of images. Therefore, an .unsupported specimen wés used. Experimentation showed
that buckling occurred at loads far lower than those predicted by the Euler formula due to
_eccentricity in the loading system. In order to increase the buckling load, the length of the specimen
was drastically reduced‘compared to the uniaxial tension specimen, with a final geometry as shown
in Figure 3.2. Tests were also performed with two specimens bonded using Loctite H8600 galvanize

bonder in order to increase the cross-section of the specimen. For each material, four compression
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tests were performed with a single specimen, and three tests were performed each with two

specimens adhesi\)ely bonded together.

25

Figure 3.2 Uniaxial compression specimen (dimensions in mm)

3.1.2.3 Plane-strain tension

- Plane-strain tension tests were also performed fo obtain the plane-strain yield stress values in both
the rolling and transverse directiqns. Unlike uniaxial tests, plane-strain tests were not performed at
45 degrees to the rolling direction. For the plane-strain” specimen, a scaled down version of
Wagoner's 'B-specimen' was selected (Figure 2.5b). = This specimen was chosen over the
'H-specimen’ as the presence of a gauge region with uniform strains was necessary in order to take
advantage of DIC technology. The dimensions of the '‘B-specimen' were reduced by 60%, as shown
in Figure 3.3, in order to fit within a calibrated area of 135x108 mm.2 of the DIC system. This
calibration panel was selected because it was the largest panel available which could be used with

an optical lens with a focal length of 50mm, as indicated by the system provider.
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Figure 3.3 Plane-strain specimen (dimensions in mm)

3.1.3 Specimen preparation

All uniaxial and plane-strain test specimens were approximately cut to size using a metal shear, and
final specimen geometries were thained through wire electrical discharge machining (EDM). Use of
‘a wire EDM provides an advantage over other methods, as no residual stresses are incurred on the
specimen, whereas other machining methods incur stresses within the specimen that can affect the

mechanical response of the specimen.

In order to prepare specimens for use with the ARAMIS DIC system, surfaces were cleaned with a
fine synthetic scouring pad and washed in acetone. A flat white paint was applied to the surface in

order to reduce glare in the camera image. A black speckle pattern was then applied by using spray
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paint in order to obtain a contrast with the white surface coating, and provide surface points from
which strain or displacement measurements can be taken using the ARAMIS system. Speckle points
were approxirﬁately 3 to 5 pixels (less than 0.05mm) in diameter. The same preparation method
was performed for all specimens.  Figure 3.4 shows a plane-strain specimen prepared for

measurement with the ARAMIS system

Figure 3.4 Plane-strain specimen prepared for analysis using ARAMIS system
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3.2 TESTING PROCEDURES

3.2.1 Testing equipment

All tests were performed on a hydraulic Tinius—Olsen testing machine with a load capacity of 300 kN.

DIC was used to obtain strain profiles of the specimens throughout the testing. The DIC system used
for this testing was the ARAMIS system, manufactured by GOM mbH. The ARAMIS system uses two
cameras to record images of the specimen during testing. Measurements were obtained from a
random pattern, either naturally occurring on the specimen surface, or applied through methods
éuch as spray painting as was done in this work. The distortion of thiS pattern allows for ARAMIS to
calculate strain measurements over the specimen surface at each recorded image. Strains were
measured with réspect to an initial state, as defined by the first recorded image of the un-deformed
specimen. Load values were measured by the Tinius-Olsen load cell and recorded to the ARAMIS

data acquisition system using a'BNC connector cable.

The clamps typically used to perform tension tests on the Tinius-Olsen machine were not large
enough to hold a plane-strain specimen; therefore a new set of clamps was built for plane-strain
specimens. Figure 3.5 shows the design of the clamps created for the plane-strain specimen, which
were fabricated using 4140 annealed steel. The same clamps were also used for uniaxial

compression testing.
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Figure 3.5 Plane-strain tension clamps

3.2.2 System calibration

In order to ensure accurate results were obtained with the ARAMIS system, a calibrated space was
prepared within which measurements could be accurately obtained. The calibration volume was set
up using calibration panels provided by GOM, with the distance between the cameras, and the
distance from the cameras to the calibration volume as specified by the supplier. The calibration
procedure was provided by GOM, and involved taking a series of images at the center, and front and
back boundaries of the calibrated volume using both cameras, and each camera individually. This
process determines the location of the calibrated volume with respect to the cameras, and allows
the system to relate the results from each camera. This calibration procedbure ensures that the
system will compute accurate 3-dimensional surface-strain measurements.” Figure 3.6 shows the

calibration panel for a 65mm x 52mm x 52mm calibrated volume.
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Upon completion of the calibration process, a calibration deviation value is determined by the
ARAMIS system, representing the average deviation between each camera through the calibration
process. A maximum value of 0.040 pixels was used throughout testing as the limit for acceptable

calibration.

Figure 3.6 Calibration panel

In order to further validate the calibration process, and ensure the quélity of the speckle pattern
applied to the surface of the specimen, a series of images was taken before testing started. Since no
loads were applied, negligible strain values were expected. In the case where strain values greater
than 0.05% were obtained, or the ARAMIS system was unable to obtain strains over the entire
surface of the specimen, the paint was removed from the specimen, and a new speckle pattern was

applied.
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3.2.3 Strain measurement accuracy

The use of DIC allows for the measurement of surface strains with a large degree of accuracy.
Displacements can be measured with an accuracy of approximately 1um [48], and strains can be

calculated with an accuracy of up to 0.02% [46].

In order to validate results obtained using the ARAMIS system, tension tests were performed
following ASTM standard E8M on AA6061-T6 specimens using an INSTRON 8562 tensile testing
machine with load capacity of 100kN [49]. The tensile specimens were prepared according to the
process described previously for use with the ARAMIS system, and an extensometer with a 25.4 mm
gauge length was attached. Extensometer readings were recorded at a rate of 40 Hz and images
were obtained using the ARAMIS system at a rate of 0.5 Hz. Strain values were located at five points
on the tensile specimen, and compared to values obtained through the extensometer as shown in
Figure 3.7. Deviation can be observed at the end of the test, however this is asa result of localized
necking, and the Iocatioh of the measured points with respect to the neck. Before necking occurs
(at approximately 280 seconds), deviations no greater than 7% were observed between the

measurement techniques.
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Figure 3.7 (A) Location of ARAMIS strain measurements on specimen (B) Stress-strain profiles from

ARAMIS and extensometer [49]

3.2.4 Testing procedure

Tension tests were performed on a hydraulic Tinius-Olsen testing machine. Uniaxial tension
specimens were clamped using clamps supplied with the Tinius-Olsen. Both uniaxial compression
and plane-strain tension specimens were secured using clamps designed for this testing, as

discussed in section 3.2.1.

¢

Uniaxial compression and plane-strain specimens were held in place using 12.7 mm shoulder bolts
of #3a grade torqued to 80 N-m. For plane-strain tension, both clamps were secured to the Tinius-
Olsen using a 19.05 mm grade C1010 threaded rod with a tensile strength of 345 to 415 MPa. For
uniaxial compression tests, the weight of the IoWér clamp (6.40 kg) was sufficient to ensure the
clamp remained in place during testing. In order to ensure no movement occurred, magnets were

also used to secure the bottom clamp to the lower plate of the Tinius-Olsen.
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Specimens were carefully mounted in the clamps in such a way that the specimen centre-line was
“parallel to the loading direction. In order to prevent settling of the hydraulic Tinius-Olsen testing
machine, the application of load occurred immediately after the fastening of the second élamp. A
delay between securing the specimen and the application of the load allows for the potential of a
decrease in hydraulic pressure within the Tinius-Olsen, causing the application of an undesired load.
In order to account for any strains that may occur after the second clamp was secured, an image
was taken using the digitai image correlation software with only one clamp éecured. This image was
i

used as the reference stage from which strains were measured. As such, all loads were accounted

for.

All specimens were tested using the same procedure. Tests were performed at strain rates from
0.001-0.0018 s™. It is important to note that steel is a strain-rate sensitive material, and
experimental results can only be considered valid within this strain range. ARAMIS images were
obtained at a frequency of 2.0 Hz. Figure 3.8 shows the experimental set-up for the uniaxial tension
tests, including the cameras used for the ARAMIS system. Figure 3.9 and Figure 3.10 show the

experimental set-up for plane-strain tension and uniaxial compression tests, respectively.

Figure 3.8 Experimental set-up for uniaxial tension test with ARAMIS cameras
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Figure 3.9 Experimental set-up for plane-strain tension tests
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Figure 3.10 Experimental set-up for uniaxial compression tests

3.2.5 Numerical analysis of plane-strain tension tests

Due to an edge effect in pIane—strain specimens, the normal axial stress distribution across the
gauge area is not uniform. Furthermore, the analysis of the plane-strain specimen must account for
the presence of a stress component in the direction transverse to the applied load. In order to
obtain.an approximation of tﬁese principal stresses, an explicit finite element model of the plane-
strain specimen was created. Simulations of the plane-strain test were carried out for both
materials, in both the rolling and transverse directions. The plane-strain specimen was modeled
using‘5625 Belytschko-Tsay shell elements, with an element size of 1.32 x 1.22 mm?® across the
gauge region and a maximum aspect ratio of 2.35. A minimum interior angle of 45 degrees occurred
on elemeﬁts along the edge of the transition region, with elements within the gauge region
consisting solely of 90 degree angles. Four-node shell elements were used with five through-

thickness integration points. Hill's 3-R material model (equation 2.10) was used to model material
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behaviour, with hardening behaviour defined by the uniaxial true stress-true plastic strain curve for

the corresponding direction.

The clamps were not included in the numerical model. Tooling was assumed to be rigid, and a
prescribed displacement was applied directly to the plane-strain specimen. Nodes lying on thev
bottom edge‘ of the specimen were completely constrained in both translation and rotation.
Rotational constraints were also applied about all three axes to the nodes lying on the u‘pvper edge of
the specimen. These nodes were also constrained against translation in the width and through-

thickness directions, with a displacement of 15mm applied in the axial direction.

The numerical model was run using explicit integration, and a simulation time of 0.010 seconds was
used. Numerical models were quasi-static in nature, as evidenced by an internal-to-kinetic energy

ratio on the order of 10°.

- All simutaticns performed in this research were prepared using LS-PREPOST version 2.2 and run on
LS-DYNA version 970 revision 5434a. A personal computer with an AMD Opteron Processor 248 with
4 GB of RAM was used to carry out the simulations of the plane-strain tension tests. The simulation

time for each model was approximately 30 minutes.
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Figure 3.11 Numerical model of plane strain specimen
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In order to verify mesh sensitivity, the simulation was perfor.med using specimens with 1369 and
3600 shell elements (with element sizes of 2.68 x 2.47 mm?® and 1.65 x 1.53 mm?, respectively,
across the gauge region. Similar aspect ratios were maintained for all element sizes), and the
resulting load-displacement curves were compared for the element at the intersection of both

symmetry lines.

3.3 OUTSOURCED TESTS

“In order to obtain further information on the mechanical properties of the materials tested, several
tests were outsourced. These tests included bulge tests, cyclic shear testing and cyclic compression-

tension, which provided additional experimental yield data.

Hydraulic bulge tests (as discussed in section 2.3.2) were performed at the Alcoa Technical Center in
order to obtain the equibiaxial tension true stress-true strain response of the materials. Cyclic
shear testing was performed at the Université de Bretagne-Sud in France following the procedure
indicated in section 2.3.5, with the testing apparatus shown in Figure 2.8. Results from the first
cycle were used to obtain the yield values in simple shear. Cyclic tension-compression tests were
performed at Ohio State University, following the procedure indicated in section 2.3.4, with the
specimen shown in Figure 2.7 D. As with the cyclic shear test, results from the first cycle in a
compression-tension-compression cycle were used to obtain the vyield stress in uniaxial

i

compression.
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3.4 ANALYSIS OF DATA

The purpose of carrying out a range of different tests on these two sheet materials was to
experimentally determine the onset of yield when material is loaded along different proportional
stress paths. This section will present the methodology for determining the stresses at yield for

each of the tests described in the previous section.

For the uniaxial tension specimens, engineering stress-strain curves were experimentally obtained.
and converted into true stress-true strain. A one inch gauge length was used to obtain strain data,

and the average strain across the full width was used to calculate the R-value for each orientation.

In order to estimate the stress-strain response of the plane-strain specimens, expe'rimental load-
strain data was compared with nnumerically predicted results at the céntre of the specimen. A
representative theoretical model was chosen based upon its accuracy with respect to the
experimental results, as done by Green et al. for cruciform testing [17]. A curve of best fit was
applied to the experimentally obtained load-strain response (Curve fit equations and R* values are
presented in Appendix B). The predicted loads were scaled down point by poinf in such a way as t/o
make the predicted load-strain curve coincide with the experimental load-strain curve. Assuming a
linear relationship between load and stress, the same scaling factor was then applied point by point
to the predicted streés—strain curve in order to obtain an estimation of the stress-éfrain response of

the experimental specimen.

This technique of scaling down the predicted stress-strain curves by the same amount as is required
to make the predicted load-strain curves coincide with the experimental load-strain cuWes is
obviously not a rigorous one. However, it provides a reasonable estimate of the actual stress-strain
" behaviour in plane-strain, and consequently should provide a reasonable approxim'ation of the
experimental yield stress in plane-strain. It was found that the scaling factor ranged from 0.91 to

1.02 for all plane-strain tests.
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In order to validate these results, Wagoner's procedure (as described in section 2.3.2) for predicting
the stress-strain response in plane-strain specimens was performed, and compared to the results
predicted with LS-DYNA. Wagoner's procedure was performed using principal strain values obtained

along a section through the centre-line of the specimen.

In order obtain the anisotropic coefficients for Barlat's YId2000-2d, the R-values for equibiaxial

tension were calculated using equation 2.16.

Consistency in yield point selection was obtained through measurements of the plastit work done
on a specimen during testing. Yield points were selected for uniaxial tension specimens based upoﬁ
flow stresses at levels of plastic work corresponding to the average plastic work per unit volume‘
{(obtained from the area under the true stress-true plastic strain response) for various offset values
in uniaxial tension in the rolling and transverse directions. The corresponding plastic work per unit
volume values were calculated at these points, and plane-strain tension, equibiaxial tension, pure
shear and uniaxial compression yield data were obtained for the same values of plastic work per unit
volume. This was repeated for all test data, and average yield stresses and standard deviations were
obtained. Once yield stresses and R-values were determined for all tested specimens, all four yield
functions (Hill’é 1?48 criterion using yield stresses and R-values, Hill's 1979 and Barlat’s YId2000
criteria) were obtained and compared to exberimental data in order to determine which yield

function more adequately represented the behaviour of these two sheet materials.
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4. RESULTS AND DISCUSSION

This chapter discusses the experimental results obtained in this research. Section 4.1 discusses the
uhiaxial tension tests, including yield values, Young's modulus, and R-values. Bofh experimental and
numerical simulation results for plane-strain tension tests aré shown in Section 4.2. Section 4.3
presents the uniaxial compression tests performed for this research. Yield values obtained in the
outsourced tests are shown in Section 4.4, with stress-strain profiles shown ih Appendix B. Finally,

section 4.5 shows the yield loci obtained.

4.1 UNIAXIAL TENSION RESULTS

4.1.1 DP600

DP600 exhibits typical ductile yielding behaviour, as shown in Figure 4.1. Representative stress-
strain curves for DP600 specimens are shown for specimens oriented at 0, 45, and 90 degrées to the
rolling direction. While similar stress-strain curves were obtained for 45 and 90 degree specimens, it
can be observed that the specimeﬁs taken at O degrees to the rolling direction have a stress-strain
curve that is slightly lower than for the other two orientations. The engineering stress-strain
response of the uniaxial tension specimens was obtained using a 25.4 mm gauge length. The true
stress-true strain response was then obtained from the engineering stress-strain data, as shown in

Figure 4.2, following the well-known relationships given in Equations 4.1 and 4.2
Orrue = O.Eng (1 + e) . . (41)
e=In(l1+¢e) . (4.2)

where e is the engineering strain.
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Figure 4.1 Engineering stress-strain behaviour of DP600 in uniaxial tension
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Figure 4.2 True stress-true strain behaviour of DP600 in uniaxial tension
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The strain distribution in DP600 uniaxial tension specimens is shown in Figure 4.3 for different levels
of strain.' As shown in Figure 4.3 A, B and C, a uniform strain dist‘ribution developed throughout the
specimen. Once the ultimate tensiie strength was reached, increased strain values occur in the neck,
as shown in Figure 4.3 D. Strain concentrations at the bottom of the specimens occur due to stress

concentrations near the transition region.
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Figure 4.3 Distribution of the true major strains in the gauge area of DP600 uniaxial tension
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Flow stress values were obtained for 0.2%, 0.5%, 1.0%, 2.0% and 5.0% offsets from the proportional
-Iimit; as shown in Tables 2, 3 and 4. Although the yield stress is rarely defined for plastic offsets
greater tha'n 0.2%, the stress values that correspond with increasing values of plastic work per unit

volume were recorded with a view to verifying if the yield locus changes its shape as the material

work hardens.

. . . Standard Deviation Plastic Work Per
Plastic Strain Yield Stress (MPa) .
. (MPa) Unit Volume
(MJ/m?®)
0.002 440 5.43 0.82
0.005 486 4.75 2.25
0.01 535 5.84 8.46
0.02 592 - 5.66 10.5
0.05 681 6.73 29.9

Table 1 Flow stress of DP600 tensile specimens tested in the rolling direction for various values of

plastic strain offset and corresponding values of plastic wark per unit volume.

Plastic Strai vield s VP Standard Deviation Plastic Work Per
astic Strain ield Stress (MPa) (MPa) Unit Volume
(MJ/m®)
0.002 . 450 1 6.18 0.873
0.005 496 ' 7.98 2.32
0.01 541 9.12 | 5.00
0.02 : 600 9.77 10.8
0.05 690 10.9 304 ’

Table 2 Flow stress of DP600 tensile specimens tested at 45 degrees to the rolling direction for
various values of plastic strain offset and corresponding values of plastic work per unit volume.
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Plastic Strain

Yield Stress (MPa)

Standard Deviation

Plastic Work Per

(MPa) Unit Volume
‘ (MJ/m?)
0.002 444 1.31 0.870
0.005 494 4.14 2.30
0.01 541 5.06 4.95
0.02 602 6.00 10.7
0.05 692 - 9.51 30.4

Table 3 Flow stress of DP600 tensile specimens tested at 90 degrees to the rolling direction for
various values of plastic strain offset and corresponding values of plastic work per unit volume.

A region of linear elastic behaviour is clearly visible in Figure 4.1 up to a stress of about 350 MPa.
From this region, Young's modulus was determined to be 203 GPa. R-values obtained with ARAMIS

. strain measurement system for DP600 were 0.875 at O degrees, 0.956 at 45 degrees, and 1.112 at 90

degrees to the rolling direction.

41.2 HSLA

HSLA steel exhibits yield point elongation, as shown in Figure 4.4, in which O degree, 45 degree, and

90 degree representative stress-strain curves are shown. The anisotropy of the tested specimens is

evident. True stress-true strain response is shown in Figure 4.5.
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As seen in Figure 4.5, HSLA exhibits yield point elongation from the upper yield value to strain values
of 0.042 for the rolling direction to 0.054 at 90 degrees to the rblling direction . This can also be
‘observed by the presence of Liders bands, as shown in Figure 4.6 A and B. It can be observed that,
as the Loders bands propagate through the specimen, there is little change in the maximum strain
value. The LOders bands occurred at a 35° angle to the horizontal axis. Once the Liders bands
connect, thé specimens exhibit typical work hardening behaviour. This can be seen in Figure 4.6 C.
Once the ultimate tensile strength is reached, strain concentration occurs as the specimen necks, as

shown in Figure 4.6 D.
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Figure 4.6 Distribution of the true major strains in the gauge area of HSLA uniaxial tension
specimens (A) €,=0.00530 (B) £,=0.0286 (C) £,=0.119 (D) £,=0.278
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Stress values at different levels of plastic offset for HSLA are shown in Tables 5, 6 and 7. The

similarity in these stresses is due to the yield point elongation.

. , . Standard Deviation Plastic Work Per
Plastic Strain Yield Stress (MPa) - .
(MPa) Unit Volume
(My/m®)
0.002 394 ' 2.62 0.905
0.01 { 396 541 : 4.09
0.02 398 4.85 ' 8.09
0.05 432 495 20.3
‘| 0.10 ) 490 5.23 436

Table 4 Flow stress of HSLA tensile specimens tested in the rolling direction for various values of
plastic strain offset and corresponding values of plastic work per unit volume.

Standard Deviation Plastic Work Per

Plastic Strain Yield Stress (MPa) (MPa) Unit Volume
(MJ/m?3)
0.002 387 8.48 : 0.937 '
0.01 392 : 9.41 - 4.08
0.02 401 ‘ 3.97 8.04
0.05 ' 07 | 758 203
0.10 465 ; 5.59 s 424

Table 5 Flow stress of HSLA tensile specimens tested at 45 degrees to the rolling direction for
various values of plastic strain offset and corresponding values of plastic work per unit volume.
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) ) ) Standard Deviation Plastic Work Per
Plastic Strain Yield Stress (MPa) .
: (MPa) _ Unit Volume
(My/m°)

0.002 421 8.42 0.931
0.01 422 7.22 ' 4.35
0.02 423 678 8.58
0.05 433 : 7.68 215 :
0.10 499 : 5.81 45.2

Table 6 Flow stress of HSLA tensile specimens tested at 90 degrees to the rolling direction for
various values of plastic strain offset and corresponding values of plastic work per unit volume.

Young's modulus was measured to be 207GPa for the HSLA sheet material. R-values were found to -

be 0.618 at O degrees, 1.547 at 45 degrees and 1.116 at 90 degrees to the rolling direction.

4.2 NUMERICAL PREDICTION OF PLANE-STRAIN TENSION BEHAVIOUR

In order to obtain plane-strain stress-strain data, a numerical model of the plane-strain specimen
was created and all plane-strain tension tests were simulated. Stress and strain data were obtained
from the centrally located shell element. Predicted load-strain data were compared with
experimental data. For each strain value, the ratio of the experimental load value’s to the
‘numerically predicted load values defined a scaling factor. Assuming a linear relationship between
load and stress, this scaling factor was also applied to the stress values in order to obtain a scaled
. §fress—strain curve. It is recognized that this scaling technique is by no means a rigorous way of
v obtaining the stress-strain behaviour in pIane—Strain tension. However it is thought to provide a

better estimate of the yielding data for relatively small levels of plastic work.

This section discusses the results obtained from numerical modeling; and provides a comparison to

experimental results.
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4.21 DP600

Numerical results for the DP600 plane-strain Specimens resulted in a prediction- of load values
greater than those obtained experimentally. This signifies that experimental stress values are lower
than those predicted through numerical modeling. As seen in the yield Ioci,' Hill's 1948 R-based
yield fﬁnction over-predicts the plane-strain valuesl and this results in an over-prediction of plane-
strain values using Hill's 3R material model. Figure 4.7 shows the load-stress response obtained
from numerical modeling for DP600 plane-strain specimens. A quasi-linear relationship can be

observed to occur in both the rolling and transverse direction untit approximately 800MPa.
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7 400 T T T T 1 T T T
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Figure 4.7 Load-Stress behaviour of DP600 specimens in plane-strain tension obtained from ‘
numerical analysis

Figure 4.8 provides a comparison of the numerically predicted load versus strain data in plane-strain
tension in the rolling direction with that which was obtained after scaling it to correspond with the

experimental load versus strain data. The discrepancy between the two curves gives.a sense of the
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over-prediction of the numerically predicted stress-strain curve. A load decrease can be observed in
~ the scaled numerical results after a true strain of 0.1. It can be shown that this decrease

corresponds to the end of the quasi-linear region in the load-true stress response.

90

Load (kN)

20 A
Numerical Results
10 = = = Scaled Numerical Results
0 — , . . — l
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
True Strain .

Figure 4.8 Numerical prediction of stress-strain behaviour for DP600 specimen subjected to plane-
* strain tension in the rolling direction before and after scaling

The stress-strain response of DP600 in plane strain, as estimated by the scaling of results obtained
through numerical modelling are shown in Figure 4.9 for specimens tested at Q degrees and at
90 degrees to the rolling direction. As with the tensile response of DP600, typical ductile yielding

behaviour was observed in the plane-strain tension specimens.
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Figure 4.9 Estimated stress-strain behaviour of DP600 in plane-strain tension

A comparison of plane-strain tension results obtained from the scaling of LS-DYNA results (as
indicated in section 3.4) and Wagoner's analysis method (as indicated in section 2.3.1, in which
plane-strain behaviour is determined through corresponding edge effects to uniaxial tension results
in order to obtain an approximation of the load acting over the plane-strain area of the gauge
region) are shown in Figure 4.10 and Figure 4.11. While both methods are only approximations of

the plane-strain response, the strong correlation between both methods provides a certain level of

confidence in the data.
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Figure 4.10 Comparison of the plane-strain behaviour of DP600 in the rolling direction as predicted
by the Wagoner analysis method and by scaling the curves obtained from finite element
simulation
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Figure 4.11 Comparison of the plane-strain behaviour of DP600 at 90 degrees to the rolling
direction as predicted by the Wagoner analysis method and by scaling the curves obtained from
finite element simulation

Figure 4.12 presents the strain distribution predicted by LS-DYNA for a representative plane-strain
specimen and corresponds with the experimental strain distribution shown in Figure 4.23 C

(£,=0.0391).
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Figure 4.12 (A) Major and (a) minor strain distribution in DP600 plane-strain specimen predicted
with LS-DYNA, at £,=0.0391

Similar strain distributions can be observed between numerical and expefimental results for both
the major and> minor strains. A maximum major strain of 0.1122 is predicted by the numerical
model, which corresponds well with the maximum major strain of 0.1117 obtained experimentally.
A minor strain of -0.0599 was obtained by numerical modeling, which is slightly larger than the
maximum minor strain of -0.0461 obtained experimentally. The edge of the plane-strain specimen
acts as a strain-concentrator, with maximum major strain values (and minimum minor strain values)
occurring at the corners of the plane-strain region. A comparison of strain values throUghout the
specimen show a strong correlation between both numerital and experimeﬁtal results. A slight
decrease-in strain occurs at the edge of the center-line cross-section for the predicted major strain
that is not present in experimental results, however this discrepancy does not extend into the

central part of the gauge area, and does not affect the results obtained.

Figure 4.13 shows the principal strains along the width of the gauge region of the plane-strain
specimen as predicted by numerical modeling. While a slight decrease in strains is noticeable at the

specimen edges, a clear region of plane-strain is visible.
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Figure 4.13 Distribution of major and minor true strains computed across fhe width of the gauge
for numerical model of plane-strain DP600 specimen loaded in the rolling direction.

4.2.2 HSLA

As with DP600, numerical load predictions in plane-strain specimens were greater than those
obtained experimentally. The load-stress response obtained for the HSLA plane-strain specimens is
presented in Figure 4.14. It can be observed that the numerical model for the HSLA specimen does
not present a linear relationship between load and stress. While this invalidates the assumption
involved in the scaling factor, it can be observed that the degree of curvature in the load-stress
curve is minimal, and as such, results obtained from the scaling method can be taken as an
acceptable approximation of the plane-strain stress-strain behaviour. Some noise can be seen in the

numerical data for the 90 degree specimen.
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Figure 4.14 Load-stress behaviour of HSLA specimens in plane-strain tension obtained from

numerical analysis

A comparison of the load versus strain data for the numerical results and scaled numerical results is

shown in Figure 4.15 for the plane-strain tension in the rolling direction. As with the DP600

specimen, it can be seen that the numerical calculation over-predicts the load-true strain behaviour,

and a sense of the over-prediction of the true stress-true strain response can be observed.
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Figure 4.15 Numerical results for HSLA specimen in rolling direction before and after scaling in
' rolling direction.

The plane-strain stress-strain response of HSLA, obtained through the scaling of LS-DYNA results, is

shown in Figure 4.16. Yield point elongation (YPE) can be seen up to a strain of about 0.033.
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Figure 4.16 Estimated true stress-true strain behaviour of HSLA in plane-strain tension.

Figure 4.17 and Figure 4.18 show a comparison of stress-strain response predicted by Wagoner's
method and scaled LS-DYNA analysis results. While HSLA plane strain results show a discrepancy
between the Wagoner analysis and scaled LS-DYNA results, this results from both methods brovidihg
approximations of plane strain behaviour. An acceptable correlation between each method was

observed. Scaled LS-DYNA results were used to obtain yield values, as shown in Figure 4.16.
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Figure 4.17 Comparison of the plane-strain behaviour of HSLA in the rolling direction as predicted
by the Wagoner analysis method and by scaling the curves obtained from finite element
simulation
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Figure 4.18 Comparison of the plane-strain behaviour of HSLA at 90 degrees to the rolling
direction as predicted by the Wagoner analysis method and by scaling the curves obtained from
finite element simulation

The strain distribution predicted for a representative plane-strain specimen corresponding to the -

experimental strain distribution shown in Figure 4.26 D (£,=0.0436) is shown in Figure 4.19.
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Figure 4.19 (A) Major and (a) minor strain distribution in DP600 plane-strain specimen predicted
with LS-DYNA, at €,=0.0436
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While the numerical model predicts far larger values for both major and minor strains, it can be
obsenrved that these values are highly localized at the corner of the gauge region. A comparison of
strains ac.ross the centre line of the gauge area shows similar distribution in both the numerically
predicted and experimentally measured results. Similar strain distributions can be observed
between numerical and experimental results for both the major and minor strains. It can be seenin
the major strain distribution that strains in the transition region are minimal, which are observed to
occur in experimental results during yield point elongation. A comparison of the numerical and
experimental strain distribution of minor strains shows negligible strain values through most of the

specimen.

Figure 4.20 presents the distribution of principal strains along the width of the gauge area of the

plane-strain HSLA specimen, predicted by LS-DYNA.
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Figure 4.20 Distribution of true niajor and minor strains computed across the width of the gauge
for numerical model of plane-strain HSLA specimen loaded in the rolling direction.
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It should be noted that this numerical model was unable to predict the presence of Liders bands in

a material.

4.3 EXPERIMENTAL PLANE-STRAIN TENSION RESULTS

4.3.1 DP600

Figure 4.21 and Figure 4.22 show the experimental axial (Y) and transverse (X) strain distribution
measured across the width of the gauge area of the 0 degree and 90 degree plane-strain specimens.
Edge effects are evident; however, a plane-strain region can be observed in the centre of the

specimen. Negligible minor strains can be observed across the width of the specimen, with the

exception of the edge regions.
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Figure 4.21 Distribution of axial major and minor engineering strains measured across the width of
‘ the gauge for plane-strain DP600 specimens loaded in the rolling direction.
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the gauge for plane-strain DP600 specimens loaded at 90 degrees to the rolling direction.

Figure 4.23 shows the strain distribution measured in the gauge area. of the DP600 plane-strain
specimen for different levels of deformation. Edge effects, as seen in Figure 4.21 and Figure 4.22

are evident for both the axial and transverse directions. However, a uniform strain state is evident

in the centre of the gauge area.
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Figure 4.23 Distribution of (A-D) axial and (a-d) transverse true strains measured in the gauge area
of DP600 plane-strain specimens, at (A) £,=0.00420 (B) £,=0.0157 (C) £,=0.0391 (D) £,=0.103

Yield values for the 0 and 90 degree plane-strain specimens are obtained from the scaled stress-
strain curves (Figure 4.9) and listed in Table 7 and Table 8, respectively. It can be noted that plastic
strain values were lower than those for the corresponding uniaxial tension work values. In some
instances, a small amount of slipping was noted to occur during testing.

expected that yield stresses tending towards the upper end of the standard deviation provide a

more accurate prediction of the plane strain response.

Plastic Work Per Unit

Yield Stress (MPa)

Standard Deviation

Corresponding

Volume (MJ/m?) (MPa) Plastic Strain
0.847 482 7.74 0.00187
2.27 536 7.32 0.00460
491 585 7.09 0.00924
10.6 642 7.78 0.0185

30.2 737 10.6 0.0463

Table 7 Flow stress in DP600 plane-strain specimens loaded in the sheet rolling direction
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Plastic Work Per Unit | Yield Stress (MPa) | Standard Deviation Corresponding
Volume (MJ/m?) ' (MPa) Plastic Strain
0.847 496 2.1 ‘ 0.00182

2.27 ' 550 4.4 0.00451

4.91 601 | 42 0.00908

10.6 ' 662 2.5 0.0181

30.2 ‘ 754 5.6 0.0454

Table 8 Flow stress in DP600 plane-strain specimens loaded in the sheet transverse direction

4.3.2 HSLA

Figure 4.24 and Figure 4.25 show the distribution of axial (Y) and transverse (X) engineering strains
measured across the width of the gauge for HSLA plane-strain specimens. As with the DP600 plane-
strain specimen, edge éffects are apparent, but negligible transverse strains are evident in the

centre of the specimen. -
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Figure 4.24 Distribution of axial major and minor engineering strains measured across the width of
the gauge for plane-strain HSLA specimens loaded in the rolling direction.
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Figure 4.25 Distribution of axial major and mihor engineering strains measured across the width of
the gauge for plane-strain HSLA specimens loaded at 90 degrees to the rolling direction.

The strain distribution measured in the géuge area of the HSLA plane-strain specimens is shown in
Figure 4.26. As with the tensile specimens, Liders bands propagate through the plane-strain
specimen as shown in Figure 4.26 A. Once the Liders bands extend across the entire gauge of the
specimen, a uniform strain distribution develops in the gauge, as shown in Figure 4.26 B, and regular
strain hardening behaviour occurs, as shown in Figure 4.26 C. After a certain amount of work
hardening, strain concentration at the edge of the géuge region cause increased strains (as indicated
in Figure 4.26 D), and severe necking, following which fracture occurs at the edge of the gauge
region, and propagates through the specimen. As shown in Figure 4.26 a-d,bstrain concentrations in
compression occur at the edge of the gauge region. Transverse strains away from the edge of the

gauge region are observed to be minimal.
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Table 9 lists the plane-strain yield stress values for HSLA, at 0 degrees to the rolling direction and
Table 10 lists the corresponding values at 90 degrees to the rolling direction. With the exception of
the initial yield value for O degrees, the plastic strain value is lower than the corresponding uniaxial
tension work value. The reason for this exception is the similarity between the yield values
(392 MPa for uniaxial tension in comparison to 409 MPa for plane-strain tension) and the use of an
average plastic work value (a value of 0.918 was used for 0 degree plane-strain tension, as opposed

to a value of 0.905 obtained for O degree uniaxial tension specimens).

Plastic Work Per Unit | Yield Stress (MPa) Standard Deviation Corresponding
Volume (MJ/m?) (MPa) ' Plastic Strain
0.918 414 4.95 0.00124

4.22 414 4.57 0.00520

8.34 421 312 0.0151

20.9 470 © 1 6.70 0.0481

44.4 536 6.39 0.0943

Table 9 Flow stress in HSLA plane-strain specimens loaded in the sheet rolling direction
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Pléstic Work Per Unit | Yield Stress (MPa) Standard Deviation Corresponding
Volume (MJ/m?) (MPa) Plastic Strain
0.918 446 8.75 0.00183

4.22 485 11.6 0.00794

8.34: 460 12.9 0.0178

20.9 ‘ 497 7.18 0.0423

44 .4 558 8.84 0.0879

Table 10 Flow stress in HSLA plane-strain specimens loaded in the sheet transverse direction

4.4 UNIAXIAL COMPRESSION RESULTS

Uniaxial compression tests were performed-on both DP600 and HSLA specimens. Due to the
eccentricity in the testing equipment, buckling occurred at lower loads than predicted by Euler's
equation. Figure 4.27 shows a representative stress-strain curve for DP600 up to the onset of
buckling. The engineering stress-strain curves were converted to true-stress and vyield values
corresponding td 0.2% and 0.5% plastic strain offsets in tension were obtained for DP600 specimens.
Unfortunately, HSLA specimens buckled at stresses of approximately 300 MPa, before yielding

occurred, and therefore yield data in uniaxial compression was not obtained for this material. .
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Figure 4.27 Engineering stress-strain response of DP600 specimens loaded in uniaxial compression

Yield stresses for various levels of plastic work per unit volume were obtained from uniaxial
compression stress-strain data for O degree, 45 degree, and 90 degree specimens and are shown in
Table 11 ,Table 12, and Table 13, respectively. Due to eccentricity in the system, large deviation
values were observed in the compression results. Similar yield values and plastic strains were
observed in uniaxial compression and uniaxial tension, however due to the averaging of uniaxial

tension plastic work values, greater deviation of piastic strain was observed in the O degree results.

Yield Stress (MPa)

Plastic Work Per Unit Standard Deviation Corresponding
Volume (MJ/m?) (MPa) Plastic Strain
0.847 -390 24.0 -0.00253

2.27 -459 Insufficient Tests -0.00600

Table 11 Flow stress in DP600 uniaxial compression specimens loaded in the sheet rolling direction
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Plastic Work Per Unit

Yield Stress (MPa)

Standard Deviation

Corresponding

Volume (MJ/m°®) (MPa) Plastic Strain
0.847 -418 234 -0.00197
2.27 -469 34.8 -0.00516

Table 12 Flow stress in DP600 uniaxial compression specimens loaded at 45 degrees to the sheet

rolling direction

Plastic Work Per Un‘it

Yield Stress (MPa)

Standard Deviation

Corresponding

Volume (MJ/m?) (MPa) Plastic Strain
0.847 -437 36.7 -0.00216
2.27 —490 Insufficient Tests -

-0.00519

Table 13 Flow stress in DP600 uniaxial compression specimens loaded at 90 degrees to the sheet
rolling direction

It can be seen from Tables 11, 12, and 13, that due to premature buckling, the range of data is
~ limited to low levels of plastic work. Bonded specimens buckled at loads similar to sirigle thickness -

specimens, producing similar results.

4.5 OUTSOURCED TEST RESULTS

Stress-strain results for outsourced tests are shown in Appendix C. In this sectioh, yield values for all
outsourced tests are shown. In most instances, similar yield values and plastic strain values were
observed for uniaxial compression results. Tables 15-18 present uniaxial compression yield values
obtained from tests provided by Ohio State University. Due to the use of a support structure,

buckling was prevented, allowing for larger yield values to be obtained over experimental results.
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Plastic Work Per Unit Volume | Yield Stress (MPa) Corresponding Plastic Strain
(MJ/m?3) -

0.847 "-385 ‘ -0.00229

227 -461 -0.00566

4.91 -527 -0.0109

10.6 -595 -0.0209

30.2 683 -0.0513

Table 14 Flow stress in DP600 uniaxial compression specimens loaded in the sheet rolling direction

Plastic Work Per Unit Volume | Yield Stress (MPa) . Corresponding Plastic Strain

(MJ/m?) | .

0.847 -453 -0.00197
2.27 -498 -0.00497
491 -547 . -0.0100
10.6 -608 ' -0.0199
30.2 . -699 -0.0495

Table 15 Flow stress in DP600 uniaxial compression specimens loaded at 90 degrees to the sheet
rolling direction

Plastic Work Per Unit Volume | Yield Stress (MPa) | Corresponding Plastic Strain
(MJ/m?) |
0.918 -382 -0.00232

4.22 -378 -0.0109

8.34 -374 : -0.0219

20.9 -429 -0.0535 b

44.4 -483 -0.104

Table 16 Flow stress in HSLA uniaxial compression specimens loaded in the sheet rolling direction
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Plastic Work Per Unit Volume | Yield Stress (MPa) Corresponding Plastic Strain
(MJ/m?) *

0.918 -428 -0.00205
4.22 -426 : -0.00981
8.34 ' -422 ’ | -0.0194

Table 17 Flow stress in HSLA uniaxial compression specimens loaded at 90 degrees to the sheet
rolling direction

It can be observed that yield stresses obtained for DP600 from Ohio State University data are in

N

close agreement (within 4%) with experimental data obtained in-house.

Equibiaxial tension results, performed at the Alcoa Technical Center, were provided in the form of
power law Hollomon and saturation stress Voce equations, which were fitted to the experimental
data. The coefficients for these equatibns are listed in Table 18; however, it should be pointed out

that neither Hollomon or Voce equations accurately predict initial plastic stress behaviour, as shown

in Appendix C.
Hollomon Model Voce Model
~ (o=Ke,") (o=A-Bexp(-Cg,))
~Specimen n K, MPa A, MPa B, MPa : C

DP600 -1 0.178 1168.61 842.15 385.41 18.187
DP600 -2 0.177 " 1149.73 836.21 388.42 18‘.029
HSLA -1 ‘ 0.182 770.87 696.86 340.54 5.389
HSLA -2 0.175 765.85 ‘ 698.61 329.65 5.162

Table 18 Equibiaxial tension stress coefficients

Corresponding yield values for the equibiaxial tension tests are shown in Table 19 for DP600 and in

Table 20 for HSLA. Stress values listed are the primary stress components, in the form o, = ox = oy.
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As with the plane-strain tension results, plastic strain values are less than the corresponding plastic

strain values in uniaxial tension.

Plastic Work Per Unit | Yield Stress (MPa) Standard Deviation Corresponding
Volume (MJ/m?3) (MPa) | Plastic Strain
0.847 497 ' 9.48 0.00128

2.27 521 4.62 0.00405

491 : 554 6.36 0.00891

10.6 605 6.70 0.0187

30.2 701 5.28 0.0483

Table 19 Flow stress in DP600 equibiaxial tension specimens

Plastic Work Per Unit | Yield Stress (MPa) Standard Deviation Corresponding

Volume (MJ/m?) (MPa) : Plastic Strain
0.918 392 6.81 ' 0.00191
4.22 412 1.93 0.0101

8.34 431 5.15 0.6198

20.9 473 7.33 0.0475

44.4 523 3.48 0.0952

Table 20 Flow stress in HSLA equibiaxial tension specimens

Results from the simple shear tests, as performed at the Université de Bretagne-Sud are shown in
Table 21 and Table 22 for DP600 and HSLA, respectively. It can be obsérved that plastic strain values
are considerably larger than corresponding uniaxial tension plastic work values; this is because yield
stresses are also considerably lower; therefore, larger plastic strain values are required for
corresponding plastic work values. As the ratio between shear stress and uniaxial tension values is
greater than the ratio between plane-strain tension and uniaxial tension, the difference in plastic
strain values is greater. Values 6f the primary stresses are shown are in the form o,, = ox = -oy. Yield

point elongation can also be observed in simple shear for HSLA.
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Plastic Work Per Unit Volume

Yield Stress (MPa)

Corresponding Plastic Strain

(MJ/m°)

0.847 226 0.00384
227 259 0.00947
4.90 286 0.0188
10.6 319 0.0374
30.2 367 0.0934

Table 21 DP600 - Simple shear yield values

Plastic Work Per Unit Volume

Yield Stress (MPa)

Corresponding Plastic Strain

(MJ/m?)

0.918 198 0.00265
4.22 199 0.0185
8.34 201 0.0392
20.9 231 0.0990
444 262 0.193

Table 22 HSLA - Simple shear yield values

4.6 YIELD LOCI

Following the analysis of the experimental data for uniaxial tension and compression tests, plane-
strain and equibiaxial tension tests, and simple shear tests, experimental yield stresses were
determined for each of the deformation modes and plotted in principal stress space. The yield data

is presented in the form of constant work loci, since all yield stresses were determined for

consistent levels of plastic work per unit volume.

For each set of yield data, the various yield functions described in Section 2.2 were also plotted in

principal stress space using R-values and yield stresses to determine anisotropy coefficients. For
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each level of plastic work per unit volume, yield stresses were normalized with respect to the yield

stress in the rolling direction.

Hill's 1948 R-based vyield criterion is independent of yield stress, and remains constant for each level

of plastic work. Since R isalso independent of yield stress, the exponent m in Hill's 1979 function is
the only value that is dependent on vyield stress. For Hill's 1948 stress-based yield criterion, and
Barlat's YId2000-2d yield function coefficients are dependent on yield stresses, and evolve with yield

offsets. Both DP600 and HSLA have BCC structures and, as such, the value a = 6 was used.

For each level of plastic work, the loci are shown in Figures 4.26 - 4.35.
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Figure 4.28 DP600 yield loci for plastic work value of 0.870 MJ/m?
(0.2% plastic strain offset in uniaxial tension)

78




Normalized stress in the transverse direction (ay/ao)

-0.5

-1.5

L

Experimental Data
Hill's 1948 R-Based
Hill's 1948 Stress-Based
Hill's 1979

Barlat's YId2000-2d

1 |

0

0.5

1 1.5

Normalized stress in the rolling direction (ox/og)

Figure 4.29 DP600 yield loci for plastic work value of 2.30 MJ/m?
(0.5% plastic strain offset in uniaxial tension)
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Figure 4.30 DP600 yield Idci for plastic work value of 4.95 MJ/m?
(1.0% plastic strain offset in uniaxial tension)
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Figure 4.31 DP600 yield loci for plastic work value of 10.7 MJ/m?
(2.0% plastic strain offset in uniaxial tension)
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Figure 4.32 DP600 yield loci for plastic work value of 30.4 MJ/m?
’ {5.0% plastic strain offset in uniaxial tension)
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Figure 4.33 HSLA yield loci for plastic work value of 0.918 MJ/m®
(0.2% plastic strain offset in uniaxial tension)
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Figure 4.34 HSLA yield loci for plastic work value of 4.22 MJ/m?
(1.0% plastic strain offset in uniaxial tension)
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Figure 4.35 HSLA yield loci for plastic work value of 8.34 M}/ m?
(2.0% plastic strain offset in uniaxial tension)
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Figure 4.36 HSLA yield loci for plastic work value of 20.9 MJ/m?
(5.0% plastic strain offset in uniaxial tension)
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Figure 4.37 HSLA yield loci for plastic work value of 44.4 MJ/m?
(10.0% plastic strain offset in uniaxial tension)
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4.6.1 DP600

Hill's 1948 R-based yield function was obtained using equation 2.10 with values indicated in section
4.1.1. As this function is independent of yield stresses, it can be observed that the corresponding

yield function does not change with increasing values of plastic work per unit volume. -

Hill's 1948 stress-based yield function was obtained with equations 2.4-2.9. The corresponding

anisotropy coefficients are listed for each level of plastic work in Table 23.

Plastic Work Per Unit Volume (MJ/m?)
Anisotropy 0.870 2.30 4.95 10.7 30.4
Coefficient . ‘
F ‘ 0‘..3820 0.4198 0.4537 0.4634 0.4574
G 0.4025 0.4512 0.4768 0.4946 0.4885
H 0.5975 0.5488 0.5232 0.5054 ~ 1 0.5115
N 1.6078 1.5645 | 1.5348 1.5210 1.5271

Table 23 Anisotropy coefficients for Hill's 1948 stress-based yield function

Hill's 1979 vield function was obtained using equation 2.12, with the m parameter obtained by
fitting the yield function to the equibiaxial yield stress. m values of 1.6863, 1.8022, 1.8838, 1.9222,

and 1.9053 were obtained for each level of plastic work.

Barlat's YId2000-2d yield function was obtained using equation 2.13. Anisotropy coefficients for
Y1d2000-2d are listed in Table 24. ' |
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' Plastic Work Per Unit Volume {MJ/m?)

Anisotropy 0.870 2.30 4.95 10.7 30.4

Coefficient :
o, 0.9168 0.9544 0.9640 0.9766 0.9737
a, 1.0151 ~ {09995 1.0082 0.9984 0.9988
o 0.7512 0.8527 0.9083 - 0.9407 | 0.8387
o - 0.9354 0.9511 0.9644 0.9680 0.9658
as 0.9648 0.9868 1.0005 1.0059 | 1.0032
o 0.7530 0.8678 0.9444 0.9787 0.9635
oy 0.9507 0.9644 . - 0.9784 0.9800 0.9802
g 1.1182 1.0539 | 1.0312 1.0064 1.0201

Table 24 Anisotropy coefficients for Barlat's YId2000-2d

The effect of the equibiaxial yield stress on the yield locus is apparent in‘the obtained yield loci. For
plas't‘ic work values of 0.870 and 2.30, the corresponding yield stress in equibiaxial tension is greater
than in plane-strain tension. This is a result of the difficulties associated with obtaining accurate
data at low strains, as indicated in section 2.3.2. Increased equibiaxial tension yield values result in
the elongation of the yield locus. This elongation is evident when the yield loci are compared to

Hill's 1948 R-based yield locus, which is independent of yield values.

For levels of plastic work in which the equibiaxiél yield stress is less than the corresponding plane-
strain yield stresg, there is good agreement between the different yield functions. It can be observed
that, for values of plastic work where the equibiaxial yield stress is greater than the corresponding
plane-strain yield stresses, plane-strain yielding occurs with a larger minor stress compared to those
predicted by Hill's 1948 R-based yield function. This occurs as a result of the elongation of the yield
locus, and similar minor stresses are predicted in instances where the equibiaxial yield stress is less

than the corresponding plane-strain yield stress.
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Hill's 1948 R-based vyield function provides an aécurate representation of experimentally obtained
yield values for levels of plastic work where the equibiaxial yield stress was less than the
corresponding plane-strain yiéld stress. As a larger R-value was obtained in the 90 degree direction
than the 0 degree direction, a slight elongation of the yield locus occurred along the o, axis. It can
be seen that this results in a slight over-prediction of the uniaxial yield stress in the transverse
direction. With the exception of plastic work values of 0.870 and 2.30, Hill's 1948 R-based yield
function is able to accurately predict yielding in equibiaxial tension. The discrepancy at lower values
of plastic work occurs due to experimental error associatéd with equibiaxial tension tests at low

strain levels as in?:licated in section 2.3.2.

The form of Hill's 1948 ;stress-based yield function ensures that, unlike Hill's 1948 R—based yield
function, it exactly predicts the yield stresses in uniaxial tension in both the rolling and transverse
directions and in equibiaxial tension. It can be observed that Hill's 1948 stress-based yield criterion
provides the greatest over-prediction of yielding in plane-strain tension in the rolling and transverse
directions. The amount to which Hill's 1948 stress-based vyield function over-predicts plane-strain

yielding is minimal.

As Hill's 1979 yield function describes normal anisotropy (planar isotropy), it is evident that it will
predict the same uniaxial yield stress in both the rolling and transverse directions. This results in
Hill's 1979 yield function slightly under-predicting yielding in the transverse direction, where the
yield stress is greater than in the rolling direction, and providing a more accurate representation of

plane-strain in the transverse direction than in the rolling direction.

Barlat’s YId2000-2d locus appears closer to the shape of the Tresca yield locus in_the vicinity of
plane-strain tension, and as a resﬁlt, corresponds n_:xore accurately to the plane-strain condition. It
can also be noted that, with the éxception of plastic work values of 0.870 and 2.30, Barlat's YId2000-.
2d yield function provides the most accurate prediction of yielding in pure shear. Alpha coefficients

for Barlat's YId2000-2d can be observed to be in the vicinity of 1.0. This indicates a low level of
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anisotropy, which can also be observed in the small degree of deviation between yield values, and

the proximity of R-values to 1.0.

It can be seen in Figure 4.38 that, when the range of plane-strain values obtained are considered,
Barlat's YId2000-2d is able to provide a close approximation of plane-strain yield stresses, providing

an accurate representation of yielding in the positive 0,-0, quadrant.
. \
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Figure 4.38 Yield loci in the o, - 6, quadrant with error bars

It can be noted, that all yield functions over-predict the yield value in pure shear. While DP600 does

not exhibit pure Tresca behaviour, the curvature of the yield functions causes them to over-predict
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the yield stress in pure shear. It should be noted, however, that the yield functions only slightly
over-predict yielding in pure shear. With the exception of the plastic work values of 0.870, Barlat's
Y1d2000-2d provides the most accurate representation of yielding in pure shear, while Hill's 1948 R-
based yield function provides the worst prediction. Figures 4.39 and 4.40 provide a comparison
between experimentally obtained flow stresses and stresses predicted by the various yield functions

for plane-strain in the transverse direction and for simple shear.
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Figure 4.39 Comparison of experimental flow stresses to stresses predicted by the yield functions
for plane-strain in the transverse direction
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Figure 4.40 Comparison of experimental flow stresses to stresses predicted by the yield functions
for simple shear '

For levels of plastic work where the equibiaxial yield stress was less than the corresponding plane-
strain values there is good agreement between the yield functions, however Barlat's YId2000-2d can
be observed to provide a more accurate over-all representation of the yield behaviour of DP600

specimens.

4.6.2 HSLA

Coefficients for Hill's 1948 stress based yield function are listed in Table 25, and anisotropy

coefficients for YId2000-2d are provided in Table 26.
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Plastic Work Per Unit Volume (MJ/m?)
Anisotropy 0.918 4.22 8.34 20.9 44.4
Coefficient
F 0.4430 0.4022 0.3690 ' 0.4148 0.4210
G 0.5672 0.5216 0.4837 0.4194 0.4568
H 0.4328 0.4784 0.5163 . 0.5806 0.5432
N 1.4949 1.5381 1.5736 1.5829 1.5611

Table 25 Anisotropy coefficients for Hill's 1948 stress-based yield function

Plastic Work Per Unit Volume (MJ/m®)

Anisotropy 0.918 422 8.34 20.9 44.4

Coefficient '
a; 0.9816 0.9377 0.8911 0.7963 0.8496
a, 0.9260' 0.9500 1 0.9754 1.1140 1.0593
a; 0.9666 . 0.9037 0.8442 0.7618 0.8161
A, 0.9374 . 0.9248 | 0.9123 . 0.9321 0.9330
a;s 1.0392 1.0197 ' 1.6034 1.0064 1.0141
O _ 1.0634 0.9438 0.8417 0.8299 0.8850
o 1.0538 | 1.0417 1.0206 1.0815 1.0779
Olg 0.9474 .| 0.9894 0.9995 1.1655 1.1228

Table 26 Anisotropy coefficients for Barlat's Y1d2000-2d

For Hill's 1979 vield criterion, m values of 2.1580, 2.0263, 1.9213, 1.8943, and 1.9581 were obtained

by fitting the shape of the yield locus to the experimental equibiaxial yield stress.

It can be observed that the YId2000-2d a-coefficients for HSLA deviate from isotropy to a larger
extent than DP600. This is evident from the greater range of in-plane R-values and from the true

stress-true strain response of HSLA.
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The effect of a wide range of in-plane R-values of HSLA compared to DP600 is evident in Hill's 1948
R-based yield function. The greater R-values at 90 degrees cause an elongation of the yield locus in
the transverse direction. However, this elongation causes Hill's 1948 R-based yield function to over-
predict the yield stress in the transverse direction. This elongation also results in Hill's 1948 R-based

yield function providing the worst prediction in pure shear.

At the uniaxial tension yield offset of approximately 5.0%, a similar true stress-true strain response .
is noted in the rolling and transverse directiohs. This can be seen by the similarity between Hill's
1948 stress based yield function and Hill's 1979 planar isotropic yield function. For yield offsets
below 5.0%, the anisotropic behaviour of HSLA is evident through the deviation between Hill's 1948

stress based yield locus and Hill's 1979 yield locus. .

As shown in Appendix C (Figures A.8 and A.9), Hollomon and Voce equations are unable to
accurately represent yielding behaviour at lower strains in equibiaxial tension. The error associated
| with low-level stress-strain response, resulted in equibiaxial yield stress values greater than the
corresponding plane-strain values. This error leads to a slightly exaggerated elongation of the yield

locus at lower levels of plastic strain.

~ As with DP600, the YId2000-2d locus exhibits behaviour similar to Tresca‘s yield locus in the vicinity
of plane-strain tension, and as a result, provides a more accurate representation of plane-strain
tension than Hill's 1948 stress-based vyield function. For larger values of plastic work Figure 4.41
shows that, while YId2000-2d is able to predict the yield stress in plane-strain reasonably accurately,
it nevertheless over-estimates the experimental plane-strain yield condition in the rolling and -

transverse directions.
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Figure 4.41 Comparison of YId2000-2d plane-strain prediction to experimental results

A comparison between experimentally obtained flow stresses and stresses predicted through the

yield functions for plane-strain in the transverse direction and simple shear is prbovided in Figures

4.42 and 4.43, respectively.
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Figure 4.42 Comparison of experimental flow stresses to stresses predicted using yield functions
for plane-strain in transverse direction
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Figure 4.43 Comparison of experimental flow stresses to stresses predicted using yield functions
for simple shear

Due to a more prpnounéed in-plane anisotropy evidenced by the range of R-values, neither Hill's
1948 R-based yield function nor Hill's 1979 planar isotropic yield function, are able to accurately
represent the yielding behaviour of HSLA. Although Figures 4.42 and 4.43 indicate that Hill's 1979
yield function consistently provides a more accurate representation of the transverse plane-strain
‘and simple shear responses, it can be observed in Figures 4.33 - 4.37 that this yield criterion
consistently over-predicts the plane-strain results in the rolling ’directi'on, and under-predicts the
yield stress in uniaxial tension in the transverse direction for yield offsets below 5.0%. Due to the
ability of YId2000-2d to more accurately predict plane-strain behaviour, it is considered to provide

the best representation of HSLA behaviour.
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5. CONCLUSION

The yielding and work hardening behaviour of two anisotropic steel sheets (DP600 and HSLA) were
experimentally determined. Uniaxial tension and compression and plane-strain tension tests were
carried out along the rolling and transverse directions of each sheet, and the use of DIC allowed for
experimental determination of thfa strain distribution throughout the gauge region. The vyield
stresses in each deformation mode were determined for variou_s’ levels of plastic work from the
stress-strain resbonse. Theoretical anisotropic yield criteria were evaluated against the experimental

yield data obtained.

DP600 was observed to exhibit ductile behaviour. A low degree of anisotropy was also noted for
DP600, as evident by the yield stresses and R-values. HSLA was observed to exhibit yield point
elongation, and this behaviour was observed in every deformation mode. HSLA was also noted to
exhibit a greater degree of in-plane anisotropy than DP600, as observed from both the yield stresses

and R-values obtained.

A comparison of the experimental and numerically predicted strain distribution in plane-strain
specimens provides a degree of confidence in the results obtained. The use of DIC to obtain the
complete strain distribution in the specimen provides more strain data than would be obtained

through the use of other strain measuring techniques.

Comparison of the stress-strain response of plane-strain specimens for both DP600 and HSLA
showed a'good correlation between results predicted with the help of LS-DYNA simulations and
those estimated through Wagbner's analysis procedure. It is expected that the stress-strain curves
predicted with LS-DYNA (and scaled down so that the predicted loads corresponded with the
experimental loads) provided a reasonably accurate representation of the stress-strain response in
plane strain. Indeed, numerically predicted stress and strain values were obtained from a single

centrally located element, while Wagoner's analysis obtained a prediction of the plane-strain
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~response along a large portion of the gauge-area; however, the good correlation between both

predictive methods provides confidence in the results obtained.

Experimental results for uniaxial compression tests showed relatively poor repeatability, and
specimen buckling occurred at lower loads than predicted. The use of adhesive bonding of multiple
specimens in.an attempt to increase the critical buckling load was unsuccessful. Despite the wide
'range of yield stresses obtained in these uniaxial compression tests, a good correlation was
observed with the average valués obtained from tests carried out at Ohio State University with an
anti-buckling support fixture. Once again, this correlation with third-party data provides a measure

of confidence in the experimental results obtained.

Hill's 1948 yield criterion (both R-based and stress-based), Hill's 1979 planar isotropy criterion, and
Barlat's YId2000-2d anisotropic yield function were evaluated against the experimental yield data.
For DP60O0, all yield functions provided a good description of the experimental yield data. Due to the ‘
increased planar anisotropy of the HSLA, only Hill's 1948 stress-based and Barlat's YId2000-2d yield
functions correlated with experimental yield data. While there is good agreement between Hill's
1948 R-based and stress-based yield functions for DP600, this was not the case for HSLA. Finally, it
was observed that, for both DP600 and HSLA materials, Barlat's YId2000-2d yield criterion was the
most accurate of those evaluated in this work. While the degree of anisotropy was low for materials
tested, it can be assumed that Barlat's Yid2000-2d would continue to provide a more accurate

representation of yielding behaviour for materials with a higher degree of anisotropy.

Future work in this area should consider obtaining the stress-strain response for uniaxial

compressibn specirﬁens at larger strain values using digital image correlation. This can be achieved
through the design of a support fixture which does not interfere with the acquisition of images for
strain measurements. Also, an analysis of the evolution of the yield locus under non-proportional or
reverse loading (e.g. to account for the Bauschinger effect) would help to increase the accuracy of

material models used to simulate complex forming processes.
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APPENDIX A

ARAMIS SPECIFICATIONS



SYSTEM SPECIFICATIONS

Processor: AMD Opteron 2x2.4 GHz (64-Bit) with 8GB RAM

Trigger-box Input: 12 bit analog, with +/-10V range.

Camera Resolution: 1280 x 1024 pixels

Lenses: 50mm macro Schneider Kreuznach lenses

CALIBRATION PARAMETERS

The calibration parameters are shown in Table A.1, with base length and measuring distance
corresponding to Figure A.1l. Measurement values were obtained from the users manual for

ARAMIS v5.4.1 [46].

o o w mom ewg

H

Figure A.1 Calibration set-up

Calibration Volume

Specimen (LxWxH) Base Length  Measuring Distance
Uniaxial Tension 65 x 52 x 52 mm 240 mm 510 mm
Plane Strain Tension 135x 108 x 108 mm 400 mm 960 mm
Uniaxial Compression 35 x 28 x 28 mm 130 mm 305 mm

Table A.1 Calibration parameters
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CALCULATION PARAMATERS

The computation size value represents the number of adjacent points used in the calculation of '
strain. A computation size of five indicates a 5x5 facet grid is used in strain calculations. Small
comp>utation size values allow for fhe calculations of strains near discontinuities and edges, while
larger computation values provide a reduction in noise. The validity quote presents the percentage
of adjacent points that are required for strain calculations. The facet size value represents the pixel
width of a facet, and the facet step represents the number of pixel; between the centre point of
adjacent facets. A facet overlap is achievevd when the facet step is smaller than the facet size. The

values used during this research are listed below:

Computation size: 5
Validity quote: 75%
Facet size: 15 pixels

Facet step: 13 pixels
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APPENDIX B

PLANE-STRAIN ANALYSIS



Iﬁ order to relate plane-strain tension results obtained from hu‘merical modelling to experimental
results, a scaling factor was obtained based on the ratio of the experimentally measured load-strain
response to the predicted values obtained from numerical results. In order to obtain-a point-by-
point scaling factor, a curve of best fit was applied to the experimentally obtained results, providing

an interpolation to which strain values could be compared. The curve of best fit was obtained using |
TableCurve 2D. Curve fit and R? values are presented in this appendix. Equations were chosen based
on accuracy of results and ease of implementation. Equations are presented in the form y=f(x)

where y represents applied load in Newtons, and x represents true strain.

DP600
Rolling Direction

Specimen 1
y=25142.351+24054.753xIn(x) - 70881.344x°? In(x) + 0.00368961081n(x)/x2

R’=0.99913468

Specimen 2

y =26617.56 — 45499.096x — 65044.412x° In(x) + 0.0039187493 In(x) / x*

R*=0.99945116

Specimen 3
y = —44698.323 —130159.78x"° In(x) — 9228.1113 In(x) — 0.033236804 / x>

R%=0.99918725
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Specimen 4
y =14860.254 —1071443.6x'° — 193944.67 / In(x) + 0.004'6446532ln(x)/x2

R?=0.99968246

Specimen 5
y=26973.917 - 7207.8612x"° lfl(x) +30719.97x% —222.54884/ x*

R%=0.99907277

Transverse Direction

Specimen 1
y=490442.02 -486910.52¢" —273636.77/In(x) + 0.00482789591n(x)/x2

R’=0.99959899

Specimen 2
y = 45381.443 +4637793.6x + 28833665x* +16732264x/In(x) - 0.80083985 / x'*

R’=0.99967298

Specimen.3
y =79065.874 - 1756276.4x° — 968.81518(1_n(x))2
R?=0.99934913
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Specimen 4
y =43755.586 + 4898430.5x +30251288x* + 17585420x / In(x) — 0.030972586/ x*

R’=0.99959633

Specimen 5
y=507171.21-506465—-78e™ —288973.43/In(x) + 0.00397257031n(x)/x2

R’=0.99957837

HSLA

Rolling Direction

Specimen 1
Yield Elongation Strain Range: 0.001835-0.031188

y =-107698.91+415000.12x In(x) — 9637.1008 In(x) — 526127.49/ In(x)

R’=0.91867484

Work Hardening Strain Range: 0.031188-0.185237
y=41592.632-1 53493.96x%° ~280.5964 / x

R%=0.99691269
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Specimen 2

Yield Elongation Strain Range: 0.002063-0.033061
- =3.1888567¢ — 05+ 0.00011204368x/ In(x)—8.5323753e(-13)/x’

R’=0.96936816

Work Hardening Strain Range: 0.033061-0.145374
y=64299.51-97334.726x - 2638.6907/x'° + 197.877211n(x)/x2 +1123.0335/x*

R*=0.99605165

Specimen 3

Yield Elongation " Strain Range: 0.001597-0.028433
T=31 509055e(—-05) - 0.00040748457x* +1 2728628e(-11)/ x'?

R’=0.76435048

Work Hardening Strain Range: 0.028433-0.194125
y=-16908.177 —-1645171.9x —2287018.1x In(x) + 527182.03x"*

R?=0.9972282

Specimen 4

Yield Elongation-1 Strain Range: 0.002046-0.014641

y=205018.36—-14003248x%° +4.6311677¢(08)x 8. 0060086e(09)x1 * +7.6347481e(10)x”
—3.8054422¢(11)x** +7.7380901e(11)x*

R?=0.93037641
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Yield Elongation-2 Strain Range: 0.014641-0.037813

_33045.877 +26299.45In(x) + 6906.8813(In(x))” + 599.82184(In(x))’

1+0.795622161n(x) + 0.20891721(In(x))? + 0.018142273(In(x))’

R?=0.99245076

Work Hardehing Strain Range: 0.037813-0.231054
y=40485.156 —98326.945x%° ~ 47.640523/x1j5

R’=0.99768267

Specimen5
Yield Elongation Strain Range: 0.003-0.033845

¥ =42342.169-101596.19xIn(x)+ 72180.878/In(x)

R%=0.96393796

Work Hardening Strain Rahge: 0.033845-0.191718
y? =-8.2652678e(08) — 3.0441162¢(09)x°" In(x)

R’=0.99626615
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Transverse Direction

Specimen 1
Yield Elongation Strain Range: 0.002134-0.039802

y=—6.6160701¢(08) — 6.6155435¢(08)x — 3.3643035¢(08)e(x) + 6.6164195¢(08)
~0.000405239461In(x)/x>

R?=0.98438514
Work Hardening Strain Range: 0.039802-0.194484
In(y)=9.3736011-1 .5791949x" In(x) +0.024123632/x°*

C
R’=0.98747471

Specimen 2

Yield Elongation Strain Range: 0.00252-0.033069
y=34840.523 + 5177275.8x>° — 0.00033894353ln(x)/x2

R’=0.93164548

Work Hardening Stréin Range: 0.033069-0.196681

y=23388.932+ 6947.5469/x —1128.6982/ x> +91.272209/ x* —3.9474068/ x*
+ 0.086460307/x5 —0.00075170979/ x°

R’=0.99733449
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Specimen 3

Yield Eiongation Strain Range: 0.003226-0.032087
y=36674.077-8.2065443/ x +0.31119139/x"
R’=0.73181177

Work Hardening Strain Range: 0.032087-0.125483

y =-2.0786865¢(08) + 6.748081e(09)x"* —9.388627¢(10)x + 7.1915877e(1 1)x'*
—3.1728446e(12)x” +6.9777481e(12)x>’ +1.617636e(12)x> —5.3941077e(13)x>*
+1.4576445¢(14)x* —1.7764068¢(14)x** +8.6475468é(l3)x5

R*=0.97628234

Specimen 4

Yield Elongation Strain Range: 0.00148-0.03836
y= 2.9686265e(—05) - ()‘.024727463)«73 +2.1367907e(—07)In(x)
R?=0.90835878

Work Hardening Strain Range: 0.03836-0.224617
y=10.646712 — 2.7657645x*° —0.0010934783/x"?

R%=0.99622622
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Specimen 5

» Yield Elongation Strain Range: 0.002181-0.032666

¥ =3.0212739¢(-05) —0.037000186x" —5.6132916¢(-08)/ x**
R250.844o7271

Work Hardening Strain Range: 0.032666-0.20352 7 ‘

'y =2.4225787e(~05)+0.00017089817x° — 4.2351203e(—-08) In(x)/ x

R’=0.98614768
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APPENDIX C

OUTSOURCED STRESS-STRAIN RESULTS
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Figure A.2 True stress-true strain behaviour of DP600 in uniaxial compression
(data provided by Dr Wagoner, Ohio State University)
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Figure A.3 True stress-true strain behaviour of HSLA in uniaxial compression
(data provided by Dr Wagoner, Ohio State University)
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FIGURE 2. Equal Biaxial o—¢ Relationships
DP600 Steel Sheet - S.No. 842278
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Figure A.4 Experimental true stress-true strain behaviour of DP600 in equibiaxial tension
{data provided by Dr Yoon, Alcoa Technical Centre)
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Figure A.5 Equibiaxial work hardening behaviour of DP600 described by Hollomon's law and fitted
to experimental data
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Figure A.6 Equibiaxial work hardening behaviour of DP600 described by Voce's law and fitted to
' experimental data
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FIGURE 3. Equal Biaxial c—¢ Relationships
HSLA Steel Sheet - S.No. 842279
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Figure A.7 Experimental true stress-true strain behaviour of HSLA in equibiaxial tension
' (provided by Dr. Yoon, Alcoa Technical Centre)
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Figure A.8 Equibiaxial work hardening behaviour of HSLA described by Hollomon's law and fitted
to experimental data

800

700 -
. 600

500

400 -

True Stress (MPa)

300 -

200 A

. V i
100 - , oce Series 1

= = == \oce Series 2

0 T Ll T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

True Strain

Figure A.9 Equibiaxial work hardening behaviour of HSLA described by Voce's law and fitted to
experimental data
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Figure A.10 True stress-true strain behaviour of DP600 in pure shear
(data provided by Dr. Thuillier, Université de Bretagne-Sud)
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Figure A.11 True stress-true strain behaviour of HSLA in pure shear
(data provided by Dr. Thuillier, Université de Bretagne-Sud)
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