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ABSTRACT

MICROSTRUCTURAL ORIGINS OF STRAIN HETEROGENEITY IN
FORMABILITY OF ALUMINUM ALLOYS

Giiler, Baran
Doctor of Philosophy, Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Mert Efe

December 2019, 106 pages

In forming of sheet metals, strain localizations and subsequent necking are generally
induced by geometrical imperfections, such as local thickness variations.
Microstructural heterogeneities also take role in strain localizations, yet their influence
is neglected when concerning the macro-scale formability. This thesis investigated the
effects of microstructural features on the strain localization behavior of aluminum
alloys. A small-scale biaxial test device and sample were utilized for this purpose. The
custom cruciform sample design and the thickness consistency provided by
meticulous sample preparation suppressed necking and allowed deformation until
fracture under a constant strain path. In the absence of local necking, determination of
the true fracture limits were possible together with the forming limits measured by a
method developed in this thesis. Multi-scale strain maps revealed the sources of strain
localizations at the global scale as the strain heterogeneities at the microstructure scale,
confirming that the localizations originating from the microstructural features could
indeed limit the formability of the samples. Then, the microstructural features causing
the strain heterogeneities were identified, and their effects were determined both
qualitatively and quantitatively. The results showed that the major effect belonged to
the orientation of grains followed by the grain size. Grain boundary misorientation

had inconclusive effects on the strain distribution. Two separate models were



developed in this work in order to quantify the location and magnitude of strain
heterogeneities. The models used global strain, grain size and orientation as the only
parameters, which were easy to obtain by relatively simple characterization
techniques. When compared with experiments performed at large strains and large
field-of-views consisting of many grains, the models successfully predicted both the
location of heterogeneities and the strain accumulated in them.

Keywords: Aluminum, Formability, Multi-scale, Strain Heterogeneity, Grain
Orientations
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ALUMINYUM ALASIMLARININ SEKILLENDIRILEBILIRLIGINDE
GERINiM HETEROJENLIGININ iCYAPISAL KOKENLERI

Giler, Baran
Doktora, Metalurji ve Malzeme Miihendisligi
Tez Danigsmani: Dog. Dr. Mert Efe

Aralik 2019, 106 sayfa

Sac metallerin sekillendirilmesinde, gerinim yerellesmeleri ve takip eden boyun
verme, genellikle kalinlik farkliliklart gibi geometrik kusurlar sebebiyle olusur.
Icyapisal heterojenlikler de gerinim yerellesmelerinde rol oynar, ancak bunlarin
etkileri makro Glgekteki sekillendirilebilirlik diisiintildigunde ihmal edilir. Bu tez,
igyapt unsurlarinin aluminyum alasimlarinin gerinim yerellesme davranisi iizerine
etkilerini incelemistir. Bu amag i¢in kiiclik Ol¢ekli bir eseksenli test cihazi ve
numunesi kullanilmistir. Ozel numune tasarimi ve titiz numune hazirlama sayesinde
elde edilen kalinliktaki tutarlilik, boyun vermeyi bastirmis ve numunenin sabit
gerinim izi altinda kirilana kadar deforme olmasin izin vermistir. Boyun vermenin
yoklugunda, ger¢ek kirilma limitlerinin belirlenmesi miimkiin olmus ve sekillendirme
limitleri bu tezde gelistirilen bir yontem ile oOl¢iilmistiir. Cok Olcekli gerinim
haritalari, global dlgekteki gerinim yerellesmelerinin kaynaginin igyap1 6lgegindeki
gerinim heterojenligi oldugunu ortaya ¢ikartmis ve icyap1 kaynakli yerellesmelerin de
aslinda sekillendirmeyi sinirlandirabilecegini dogrulamistir. Sonrasinda, gerinim
heterojeniginden sorumlu igyap1 unsurlari belirlenmis ve etkileri nitel ve nicel olarak
saptanmistir. Sonuglara gore, asil etki tane yonelimlerine ait olup, bunu tane boyu
tekip etmektedir. Tane siir agilarinin gerinim dagilimina etkisi yoktur. Gerinim

heterojenliklerinin yeri ve biiyiikliiklerinin nitelendirilmesi i¢in bu ¢alismada iki farkl

vii



model gelistirilmistir. Modeller sadece global gerinim ve gorece basit karakterizasyon
teknikleri ile bulanan tane boyutu ve yonelimini parametre olarak kullanmustir.
Yiiksek gerinim ve bir¢ok tane igeren genis goriis sahasi altinda yapilan deneyler ile
karsilastirildiginda, modeller gerinim heterojenliklerinin hem yerini, hem de bunlarda

toplanan gerinimi basari ile tahmin etmislerdir.

Anahtar Kelimeler: Aliminyum, Sekillendirilebilirlik, Cok Olgekli, Gerinim

Heterojenligi, Tane Yonelimi
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CHAPTER 1

INTRODUCTION

The formability is defined as to deform sheet metal into desired shape without local
necking or fracture before which the heterogeneous deformation starts. For this
purpose, the forming limit diagram (FLD) is widely used to evaluate the formability
of sheet metals. It is a strain diagram, which can distinguish between safe points and
necked or failed points. The transition from safe to failed points is defined by the
forming limit curve (FLC) [1]. For experimental determination of FLCs, two main
conventional biaxial tests are used, the out-of-plane stretching (e.g. Nakajima test) and
the in-plane stretching (e.g. Marciniak test) [2]. However, there are some drawbacks
of these conventional tests. The main drawbacks are the use of a high number of
specimens with different geometry and the influence of friction originated from
between the sample and the punch. Each geometry provides to reach various strain

path. In addition, the generated friction may affect the forming limits.

Most importantly, the local neck formation is inevitable in the conventional tests due
to the large sample dimensions, frictions effects, or the inconsistencies in the sample
thickness. Therefore, the geometrical or mechanical constraints limit the sample
formability, preventing a measure of direct material or microstructure effects on the
global formability. Due to the local neck formation, these tests never reach the true
fracture limits of the material under various strain paths as the stress state in the local
neck is almost plane strain. Therefore, a typical FLC reflects both the material and
geometrical effects and they can be highly sensitive to the external parameters that are

not related to the sample material and its microstructure.

Suppressing local neck can provide to investigate true formability of the sheet metals

depending on materials properties. The limits in formability are more often controlled



by localized necking, which is an undesirable surface defect, than fracture [3].
Necking is usually initiated by a geometrical heterogeneity of the material, which is a
thickness variation [2]. Marciniak-Kuczynski model is widely used to predict forming
limits, whose predictions depend on an initial geometrical imperfection [4]. In
addition, there is an international standard 1SO12004-2:2008 for FLC detection.
However, it is not a precise standard to detect the onset of localized necking [3], [5].
Under equibiaxial tension, sheet metals may deform and fail without forming a local
neck. In these cases, it is challenging to determine the forming limits by using the
international standard and Marciniak-Kuczynski model since they are designed to
detect the formability from a sharp, single local neck. Therefore, the geometrical

imperfections determine the forming limits of the sheet materials and limit them.

Therefore the objectives of this thesis are: 1) suppression of the local neck in order to
provide forming limits due to the material behavior instead of geometrical
imperfections; 2) developing the relation between the microstructural features and the
strain heterogeneity in forming of Aluminum alloys by investigating the strain
localization behavior at multiple scales. The multi-scale observations are necessary to
test the effects of strain heterogeneity at the micro-scale to the meso- and macro-
scales. This way it is possible to establish the direct effects of microstructure or
material related strain localizations to the global formability of the material.
Aluminum 6061-T6 is selected as the test material due to its uniform microstructure
and properties. In addition, the mechanical properties are also considered isotropic [6].
Therefore, the material related effects are minimized. Micro- and meso-scale are
defined as at least two dimensions of the investigated region are less than 1.0 mm and

in the range of 1-10 mm, respectively [7].

In order to achieve the first objective of the thesis, a cruciform test is developed in
chapter 2 as an alternative test to characterize the formability. The main advantage of
this test is that a unique geometry is sufficient to cover the whole FLD. By changing
the load distribution on the axes, different strain paths can be obtained. Another benefit

is that the test is frictionless, so the formability is determined without any influence of



friction [8]. However, the design of the cruciform specimen is crucial in this test. The
center test region of the specimen must experience minimum shear strain, the
maximum stress and strain values [9]. A successful cruciform design, which
accumulates large strain in its test region, is introduced in this chapter. The small strain
and premature fracture problems common to the cruciform tests are solved by
optimizing the sample design and by meticulously controlling the manufacturing steps
and surface finish. Strain analyses reveal a key mechanism responsibly for large
strains and fracture at the center. This mechanism suppresses the local neck formation
and allows uniform deformation under equibiaxial tension until fracture. In addition,
a novel portable biaxial tensile test apparatus is introduced to conduct cruciform tests,
which includes a custom-built optical microscope and high-resolution digital image
correlation (DIC) equipment for in-plane and in-situ strain measurements. This
chapter is reproduced from the studies of [10], [11]. In addition, the materials and

methods part of this chapter is enriched by the study of [12].

In chapter three, the true forming limits are measured, as the cruciform test allowed
deformation without the local necking. However, there has been no measurement
method available in the literature for the absence of local necking. In addition, in this
chapter, an alternative Marciniak-Kuczynski based thickness strain ratio method
(TRM) is introduced to measure forming limits and fracture limits of the Aluminum
6061-T6 and a DC-04 steel. In this case, the DC-04 steel served as a ductile reference
material compared to the relatively britlle aluminum alloy. The experimental forming
and fracture limits obtained by the cruciform test are compared with those obtained
by the standard Nakajima test containing sharp local necks in order to ensure the
reliability of the measurement method. In addition, TRM method and the international
standard are compared to each other. Therefore, the effects of neck suppression on the
forming and fracture limits of both relatively brittle and ductile alloys are investigated.

This chapter is reproduced from the study of [13].

In chapter four, the multi-scale deformation behavior of Al 6061-T6 alloy is

investigated in order to establish the effect of microstructural features on the strain



distributions and localizations at the larger scale, i.e. meso-scale (test region) in this
chapter. The hypothesis was the large-scale localizations originating from the
microstructure level heterogeneities, as the geometrical parameters could no longer be
the source of the localizations. Therefore, the aim was to correlate strain localizations
at the micro-scale to the meso-scale. In the literature, the multi-scale investigations
are conducted in different regions of the samples. However, the same region should
be investigated to characterize strain localization behavior at both scales. For this
purpose, a test procedure, which allows investigation of the same region of the sample
after the same amount of loading, is introduced. The size difference of the investigated
scales is in the order of 7 times. In addition, the size of the investigated regions at

micro-scale is sufficient to show the micro-scale strain distribution at meso-scale.

After establishing the relationship between micro- and meso-scale localizations, the
microstructural features, which take role in strain distribution, are investigated to
fulfill the second objective of the thesis. The microstructural constituents can provide
sources of deformation heterogeneity, which can cause premature localized
deformation. The understanding of the role of various microstructures factors, i.e.
grain structure, on strain localization is still incomplete in the literature. It is known
that the crystallographic texture (e.g. the distribution of crystal orientations) is a major
cause of deformation inhomogeneity, so it can strongly influence the mechanical
properties of metals [14]. In addition to grain orientations, grain size takes role in the
development of plastic deformation heterogeneities [15]. The prediction of strain
distribution is based on numerical approaches, and they are relatively complex to use
to comment strain heterogeneity. Despite of the improvements in numerical
approaches, large inconsistences still exist between numerically predicted mechanical
behavior and what is observed experimentally [16]. Also, the experimental
investigations in the literature do not deal with the prediction of strain distribution.
They are based on establishing the reasons of strain localization behavior. In addition,
they are conducted in controlled microstructures and for small field-of-views

containing only limited number of grains. The investigated global strains are also



small compared to the typical strains achieved in forming processes. In chapter five,
the prediction of strain distribution by experimental investigations is aimed. Al 6061-
T6 was examined to understand how microstructural parameters affect the strain
distribution. It consisted of as-received microstructure having random texture, random
grain size, and mostly high-angle grain boundaries, instead of a more controlled
microstructure. The investigated field of views and strains were large. Therefore, the
parameters affecting strain heterogeneity can be established in a more realistic
approach. To predict strain distribution, two methods, which are strain localization
indicator (SLI) method and strain localization magnitude (SLM) method, are
developed and presented in this chapter. They were based on easy-to-measure,
microstructural parameters. In conclusion, the reasons behind the heterogeneous
deformation are discussed, the parameters that are responsible from the heterogeneous

strain distribution are presented, and the strain distribution is quantified.






CHAPTER 2

LARGE STRAIN CRUCIFORM BIAXIAL TEST METHOD FOR IN-SITU
FORMABILITY ANALYSIS OF SHEET SAMPLES

2.1. Introduction

The forming abilities of materials can be tested under different loading conditions such
as uniaxial tension, equibiaxial tension, plane strain, pure shear, etc [2]. Although
uniaxial tension is most common testing method, it may underestimate the formability
in a practical forming operation while multi-axial deformation analyses in metal
materials best represent the real sheet forming behaviour [17]. Bulge test, biaxial
tensile test, Marciniak test and Nakajima test can access large strains and multi-axial
loading paths compared to the uniaxial tension. However, these methods other than
the biaxial tensile test have significant limitations such as bending effect, friction
effect, non-homogeneous material flow, presence of early necking, out-of-plane
deformation, large-scale application etc. In cruciform biaxial tension testing,
cruciform shaped sample enables collection of the stresses at the centre of the
specimen [8]. On the other hand, achieving large stresses and strains at the centre
remains to be an issue among various designs reported in the literature, which tend to
be large and complex. At that point, due to the various cruciform designs existing, the
international standard 1ISO 16842:2014 standardize cruciform biaxial tension test [9].
However, the shape in this standard is not useful for achieving large strain since high

strain is not obtained at test region in cruciform biaxial testing.

Large strain capability and strain path flexibility of cruciform biaxial tests are useful
for small-scale (microstructure scale) testing of materials which have deformation
mechanisms sensitive to their unique microstructural features. Studies focusing on

local deformation behaviour of lightweight metals such as aluminium, magnesium and



titanium alloys have shown that micro-scale deformation alters the macro-scale
behaviour [18]-[20]. As a result, these materials may have complex forming
behaviour compared to regular steels and their forming ability should be studied at the
small-scale [21]. At that point, the design indicated in the standard is not suitable for
micro-scale investigation due to large dimensions (240 mm in length). In this chapter,
a portable and easy to use biaxial test apparatus, which is suitable for both meso-scale

and micro-scale testing, and the successful cruciform design are introduced.
2.2. Materials and Methods
2.2.1. Biaxial Test Apparatus

The test mechanism, as shown in Fig. 2.1. (upper body of the apparatus), is designed
and manufactured in collaboration with UTEST Company (OSTIM, Ankara, Turkey).
It has changeable arms and load cells attached to each arm in order to achieve various
loading paths. The whole apparatus is designed to be portable and can be integrated to
any simple uniaxial, bending or compression universal test machine, in this case to a
Shimadzu Bending Test Machine (10 kN capacity). When compression load is
applied, this apparatus distribute the load to four arms with respect to the angle
between the arm and vertical axis. Each axis of the loading mechanism moves
independently on a rail and they are all connected to load cells. Horizontal load on
each axis can be controlled by adjusting the angle between the horizontal axis and
vertical arms that are connected to the test machine, as F,,, gxis = (Fmachine X
tan@)/4. In equibiaxial condition, load difference between each horizontal arm is less
than 100 N. This is achieved by placing the cruciform sample in the apparatus and
applying 15-25 N pre-load to each axis by tightening the screws connecting the
horizontal axis and the vertical arms with equal length. This way each arm is
connected to the axis at a fixed distance from the sample center, making 6 equal for
each axis. Only tensile stresses and strains are possible which corresponds to the right
side of the forming limit diagram (FLD). The apparatus can be modified for

compressive stresses in order to explore the left side of FLD.
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Figure 2.1. Biaxial test setup.

2.2.2. Digital Imaging & Correlation Setup

The lower body of the apparatus houses the imaging unit. The imaging unit consists
of Basler piA2400 - 17gm (5 MP, 2/3” Sony ICX625 CCD sensor) camera and Navitar
UltraZoom 6000 lens including 2X adapter and a coaxial LED illumination. The
maximum resolution of the camera is 2448 x 2050 pixels at 17 frames per second with
a shutter speed of 1/100,000. Overall magnification range is between 1.40 - 9.00X for
meso-scale configuration, and 14X - 91X for micro-scale configuration that includes
the 20X objective lens. To observe whole test region (2 mm in diameter), the macro-

scale imaging configuration was set to 3X magnification resulting 2.9 x 2.2 mm? as



the field of view. The imaging setup can also be configured for the microstructure

scale analysis by changing the lens settings.

The random speckle pattern correlation necessary for the correlation was prepared by
spraying a black paint solution on the test region. Paint solution contained 30% of
acrylic paint and 70% of acetone, and sprayed with Bad Sector BD-130 air brush
operating at 45 psi pressure with 10 cm distance from the sample surface. This process
resulted in randomly distributed pattern with ~ 20 um size black dots (speckles).

2D DIC technique was used to determine the strain values. For correlation, an open
source MATLAB based software named as Ncorr v1.2 [22] was used. Incremental
method was applied to conduct DIC. When pattern deterioration was visually noticed
between any two images, the images were selected and correlated among the images
were captured during tests, corresponding to 1 fps at a deformation rate of 1 mm/min.
The meso-scale DIC analysis of biaxial tests had a subset size (radius) and step size

of 80 and 10 pixels, respectively, at a spatial resolution of 0.0012 mm/pixel.

The maximum strain error calculated by rigid body translation was 0.14%.
Theoretically, rigid body translations should yield no strain. Therefore, strain after the
translation must be the error from pattern preparation (speckle pattern), optical system
(imaging), and correlation algorithm [23]. Ncorr’s correlation algorithm error was
calculated to be 10 [22]. Similarly, the error from the optical system should be
relatively low [23]. Therefore, speckle pattern produces most of the strain error, which
was reduced to lower values by optimizing the spraying pressure, distance and
solution, which resulted in sharper and smaller speckles, which are apart from each
other. Pattern contrast was also improved by adjusting the lighting conditions. The
outcome strain was Green-Lagrangian. Then, true strains were calculated by means of

following equation:

e=In(/2E +1) (2.1)

where E and € are Green-Lagrangian and true strains, respectively [24].
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2.2.3. Sample Material

Aluminum 6061-T6 was selected as the test material. In addition, it has uniform
microstructure and properties, minimizing the material related effects on deformation.
The 2 mm thick sheet purchased from Aleris Aluminum; Duffel, Belgium, had a grain
size of 58 + 15 pm and hardness of 108 + 4 kg/mm?2. The material has 0.11 as strain
hardening exponent in their rolling direction. Table 2.1 documents the average tensile
properties of the sheet. Tensile tests were conducted in an Instron 5582 universal
tensile test machine with extension controlled of 3 mm/min rate and strain data were
measured by a video extensometer. At least seven samples were laser cut parallel to
the rolling direction and dimensions were based on ASTM E8. Except the strain

hardening exponent, all properties were determined from engineering stress-strain

Ccurves.
Table 2.1. Mechanical Properties of 6061-T6 Aluminum Alloy
Mechanical Properties M

Tensile Stress at Yield (Offset 0.2 %) (MPa) 270+ 1

Maximum Tensile Stress (MPa) 329+0.3

Tensile Strain at Break (%) 165+1
Strain Hardening Exponent 0.115+0.001

Microhardness (kg/mm?) 108 + 4

Figure 2.2. shows the representative true stress-strain curve used for determining the
hardening exponent by means of power law (¢ = K&™). The figure was retrieved from
the study of [12].
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Figure 2.2. Representative true stress-strain curve of Aluminum 6061-T6 alloy.

2.3. Cruciform Sample Design

To have a successful in-plane biaxial test, the design of cruciform specimen should
satisfy the following criteria: maximum stress and strain should be located in the test
region i.e. center of the specimen and shear stress should be zero in this region [25].
Failure should take place inside the test region. In addition, manufacturing of the

specimen should be economical.

In addition to these, the specimen should be relatively small-scale for the investigation
of micro-mechanical behavior during deforming. In other words, the dimensions of
test region should be smaller than the field of view of the imaging setup that allows
DIC at the microstructure scale. Otherwise, some grains or microstructural features
can move out of the field of view of the imaging system during deformation,
preventing DIC analysis for large strains that are typically observed before the
fracture. In addition, for proper and focused imaging, the test region should be flat.
Lastly, when constructing FLC, the specimen should meet all these criteria stated

above under the different loading ratios.

12



450

395

341

286

231

176

121

Figure 2.3. FEA results of various cruciform design. The numbers correspond to sample design
numbers in Table 2.2.

The most suitable design satisfying the above criteria was decided using nonlinear
Finite Element Analysis (FEA). Figure 2.3. shows the nine designs selected from
literature. Elastic-Plastic Isotropic module in MSC Marc 2014.2 was used to map the
distribution of the equivalent stresses and plastic strains. The yield criterion and
hardening rule were selected as von Mises and isotropic, respectively. The true stress-
strain data for plasticity analysis were obtained from the tensile test. Due to the
symmetry, 1/8 of the specimens was modeled with 0.25 mm quadratic tetrahedral type
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mesh. The mesh size got finer (0.1 mm) at the test region. The FEA included nine
designs available in the literature. As these designs have relatively large dimensions,
they were scaled down to 85 mm in length and 2 mm in thickness to fit them in the
testing setup. All the design features and proportions were kept constant, but the center
thickness was reduced from 2 mm to 0.5 mm by adding a flat-base pit at the sample

center. The flat-base pit ensures in-plane deformation and a proper 2D-DIC analysis.

0.315
0.276
0.236
0.197
0.158
0.118
0.079

0.039

0.000

Figure 2.4. FEA result of the cruciform sample with respect to the total equivalent plastic strain.

Table 2.2. lists the locations of maximum stress concentrations for each design shown

in Fig. 2.3. Among all the nine designs, the Design 1 is the most promising.
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Table 2.2. Locations of maximum equivalent stresses in FEA of various cruciform design

Sample Design [Reference] The Location of Maximum Stress
1[26] Center
2 [27] Edge of the pit
3[28] Arm
4 [29] Edge of the pit
5 [30] Edge of the pit
6-without slits [31] Edge of the pit
7-with slits [31] Near the center
8 [32] Edge of the pit
91[33] Arm

Figure 2.4. shows the FEA results of the cruciform sample where maximum total
equivalent plastic strain is obtained at the center. Figure 2.5. illustrates the total

equivalent plastic strain distribution from the center to the corner of the sample.

15



Total Equivalent Plastic Strain

0.315

0.109 - | .
Arc Length

B2

Figure 2.5. Distribution of total equivalent plastic strain from center to corner.

The cruciform sample design (Design 1) shown in Fig. 2.6. was originated from [26].
Further improvements were conducted to obtain maximum strain at the centre. The pit
region shown in Fig. 2.6. was drilled by means of a CNC milling machine, resulting
in good surface finish and smooth test region. The roughness of 2 mm test region was
measured as Ra ~ 2 um while the as-received sheet has smaller than 0.4 pm as Ra.
Surface roughness of the machined pits was measured by Mitutoyo Surftest SJ-400.
As the test regions of the samples were a few millimeters away from the edges, laser
cutting did not alter the test results. The final dimensions and the geometry of the
cruciform sample was illustrated in Fig. 2.6. Therefore, this design of cruciform

sample was used for whole thesis.
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Figure 2.6. Cruciform sample and pit design resulting in center fracture. Dimensions are in mm.

2.4. Obtaining Large Strain at the Center

To obtain large strain at the center, the design of the cruciform sample and the pit take
an important role [8]. The most important parameter in the pit design is the thickness
reduction ratio, which increases the chances of center fracture [34]. Single reduction
for simple manufacturing was preferred, and the maximum reduction was 75%
corresponding to 0.5 mm thickness. Centre region became delicate and fragile below
0.5 mm thickness. Since a flat and smooth base is necessary for imaging and 2D-DIC,
a bowl-shaped profiles are not suitable for our application. Instead, the tapered profile
in Fig. 2.6. was selected and optimized with regards to results of (FEA). Two
symmetrical pits were machined on opposite sides of the sample resulting a constant
thickness of 0.5 mm at the center. First, the end-mill (2 mm end diameter) made exact

to the pit dimensions was used. However, the surface finish of the pit machined in just
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one step was not acceptable as the center was slightly thicker (~ 40 pum) than the edges
resulting that some samples failed from the edges. This a common problem indicated
in the literature due to the poor machining of the pit [34]. The smooth surface finish,
uniform thickness were achieved by circulating the additional smaller diameter (1
mm) end-mill within the pit. Eventually, the samples failed or cracked from the center
due to achieving uniform thickness. Besides the pit design, accurate and precise
machining was equally important in obtaining strain localization at the center by

achieving superior surface finish.

As center fracture was possible in the sample with tapered profile pit, the strain
analysis was conducted in the test region. Figure 2.7. shows the distribution of the
principal strains just before the fracture. The justification of the localized large strain
at the center is the two diagonal bands present in the strain maps [12]. These bands
origin from the unique geometry and deformation characteristics of the cruciform
samples can be seen in the results. The bands linked the opposite diagonal corners and
cross each other at the center. There was also shear deformation and inhomogeneous
localized areas along the bands while the shear strains approached to zero at the center
where two bands intersected each other providing relatively uniform deformation. As
the shear strain was not zero, the whole pit region should not be considered as the test
region even if the median true strains were balanced under equibiaxial tension test.
The true equibiaxial condition was achieved at the center within a circular area having
1 mm diameter and this location was selected as the test area shown in Fig. 2.7. since
shear strain should be minimum under equibiaxial tension [35]. The principal strains
were maximum at the 1 mm-diameter test region while the shear strains were
approximately zero. Median true principal strains in this region were calculated as €1
=0.16 and &2 = 0.14 for Al 6061-T6, which results in equivalent strain (&) of 0.3. The

equivalent strain was calculated by the following equation:

£ = \/%{ef T2 +52) (2.2)
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For Aluminum, (&)/n ratio reached 3. Therefore, the two intersecting strain bands
maximized the principal and equivalent strains at the center, and promoted fracture at
the same location. Outside the bands, the strains were lower and close to the strain

hardening exponent of the material.

Figure 2.7. DIC Results of Al 6061-T6 up to fracture. The upper results for Exx while the below for
Eyy. The strain bands are shown as dashed lines.

The strain bands may originate from the corners. Together with the pit, the corners
may deform uniformly until the overall strain reaches n. After this, necks form at all
corners and strain bands connect them. As strain bands intersect each other at the
center, this region continues to deform under equibiaxial tension and reaches large
equivalent strain. Strain localizations are concentrated in the strain bands and the

center, while the rest of the sample remains no deformed. Indeed any cruciform
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geometry can develop this type of strain distribution, as the stress concentration at the
corners is unavoidable. In our case, the strain bands were distinct due to the small-
scale of the samples, where the width of the strain bands is nearly 1 mm, equal to the
diameter of the test region. This mechanism was investigated in detail in the study of
[12].

2.5. Conclusion

Cruciform biaxial tests are increasingly becoming popular for testing the formability
of sheet metals as they achieve frictionless, in-plane, multi-axial stress states with a
single sample geometry. However, premature fracture of the samples during testing
prevents large strain deformation necessary for the formability analysis. In this
chapter, the miniature successful cruciform design (few mm test region) optimized by
using finite element analysis, and a test setup were introduced to achieve center
fracture and large uniform strains. With its excellent surface finish and optimized
geometry, the sample deformed with diagonal strain bands intersecting at the test
region. These bands prevented local necking and concentrated the strains at the sample
center. Imaging and strain analysis during testing confirmed the uniform strain
distributions and the center fracture were possible for various strain paths ranging
from plane-strain to equibiaxial tension. Moreover, the sample deformed without
deviating from the predetermined strain ratio at all test conditions, allowing
formability analysis under large strains. Thus, these features of the cruciform test were

demonstrated for Aluminum 6061-T6 alloy.
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CHAPTER 3

FORMING AND FRACTURE LIMITS OF SHEET METALS DEFORMING
WITHOUT A LOCAL NECK

3.1. Introduction

Sheet metals are subjected to multi-axial or biaxial strain paths during forming
operations and fail mostly by local necking followed by fracture [36]. Conventional
tests measuring the forming limits of the materials have been designed to detect the
onset of local necking under the multi-axial strain paths. Tests such as Marciniak,
Nakajima, and bulge test employ different sample geometries to reach various
predetermined ratios of principal strains (e1 and &2). This initial strain ratio gets
disturbed at the onset of the local neck and quickly reaches to the plane-strain
condition (e1 >> &) inside the neck [37]. For ideal formability, strain distributions
should be uniform across the deformation area with the fixed ratio of principal strains
[37]. The forming limit, therefore, is the point where there is significant deviation from
the predetermined strain ratio. When the deviation happens in a sharp local neck, it is
easy to detect, and there is an international standard 1S012004-2:2008 for reporting
of the forming limiting curves (FLC).

On the other hand, non-uniform strain distributions and multiple local necks can
sometimes be observed during deformation due to the material properties [38] and the
process parameters [39]. The study of [40] indicated that for materials showing non-
homogeneous deformation, the international standard leads to invalid evaluations and
strain rate based (time dependent) methods were introduced as alternatives to
overcome this problem. Also, this study compared several strain based methods with
the 1SO method and concluded that the linear best fit method based on the research of

[41] was the most successful among them with regards to accuracy and stability. In
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these methods, an abrupt increase in the thickness direction strain rate (&3) signals the
onset of local necking while the evolution of major strain rate (¢;) was also used to
detect the onset of local necking. The study of [5] indicated that the noise originated
from DIC (Digital Image Correlation) measurement had significant effect on the strain
rate calculations and they were user-dependent. To over