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Abstract

Strain path transition is a common phenomenon during continuous stamping operations of
sheet metal and can potentially alter the forming limit of the material. Enabling strain path
change in a single experiment is a key challenge faced by several researchers. To understand
the effect of continuous strain path change on material forming limits, detailed material
characterisation is needed where the material is deformed while the strain path of the material
is changed continuously. In this work, a test method was developed, which consisted of a
novel mechanical rig and specimen design. The mechanism allowed DP600 steel and
AA5182-0 aluminium samples to change strain paths continuously without unloading the
specimen. Digital image correlation measurements of the strain evolution of the samples
during tests showed that the technique was able to alter the strain path of the sample from
uniaxial to biaxial strain path. In particular, the measurements showed that the transition from
uniaxial to biaxial strain paths was sharper in DP600 than AA5182-0O. The test was repeated
in a scanning electron microscope (SEM) chamber to observe the behaviour of the
microstructure during the strain path transition. The microstructural strain evolution showed
rotation of strain bands while the evolution of electron back scattered diffraction (EBSD)

maps conveyed grain rotation during continuous strain path change in both the materials. The
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strain path transition controlled the rotation of grains with preferred crystallographic

orientations.

Keywords: Sheet Metal Stamping, Strain Path Change, Finite Element Modelling,

Microstructure Characterisation, In-situ SEM, In-situ EBSD.

1 Introduction

Stamping processes used in the automotive industry are often multi-stage. In the first
stage, the material undergoes the majority of its final deformation as the sheet is drawn. In
subsequent stages, the drawn material may be redrawn, flanged or pierced to produce the
final panel geometry. This process results in two types of strain path change mechanisms:
continuous and discontinuous. The continuous strain path change takes place during the draw
stage when the material flows over the changing geometry of the draw tool, which alters the
strain path of the material as it is deformed from one location to the next. The discontinuous
strain path change mechanism occurs when the component is removed from the draw tooling
and allowed to springback. It is subsequently deformed along a different strain path when it is

re-drawn or flanged in a following stage.

The current state-of-the-art has focussed on the effects of the discontinuous strain path
change on material forming limit. Dhara et al. [1] simulated the discontinuous strain path
change in an AA5754-0 aluminium alloy by first pre-strained in uniaxially in a tensile
machine and subsequently re-loading along the biaxial strain path using a miniature Nakajima
test. They found considerable increase in the forming limits when the material was pre-
strained along transverse to the sheet rolling direction. More recently, Collins et al. [2]
observed a similar phenomenon in low carbon ferritic steel samples. Using a purpose-built
tester, cruciform samples were first pre-strained along a uniaxial strain path, afterwards

unloaded and then loaded biaxially. They found a significant increase in the limit strains.
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The effect of the continuous strain path change on forming limits has not been studied as
thoroughly. Song et al. [3] and Leotoing and Guines [4] developed a complex cruciform
specimen to change the strain path continuously from uniaxial tension to biaxial tension using
a sophisticated servo-hydraulic testing machine. They found that continuously changing
strain paths also produced significant changes to the forming limit strains in steel (DP600)
and aluminium (AA5086). However, the study of continuous strain path change mechanism
with a simple specimen geometry and a simpler biaxial stretching mechanism is potentially
more important to understand the reason behind the formability change during the strain path

change that occurs in the draw stage.

One potential route to address the effect of continuous strain path changes is to
characterise forming limits in the stress space. Stoughton [5] and Stoughton and Zhu [6]
concluded that the stress based forming limit curve seemed to be an attractive tool to predict
the formability of sheet metal subjected to strain path change during the multi-stage
deformation process. Yoshida et al [7] and Yoshida and Kuwabara [8] studied forming limit
stresses and strains of a steel alloy by deforming tube samples through linear and combined
linear stress paths. They made three findings. First, the stress-based characterisation of
forming limits was path independent when the strain path change was discontinuous. Second,
the limit stress was path dependent when it was continuous. Third, path-dependent nature was
directly affected by the strain hardening behaviour of the material. Hence, it is necessary to
evaluate the stress and strain evolution as well as the strain hardening behaviour of a material
during continuous strain path change to understand the effect of continuous strain path

change on formability.

To identify the relationship between strain path change and microstructure, Verma et
al. [9] studied the strain hardening behaviour and evolution of yield surface of ultra-low

carbon high strength automotive steel during discontinuous strain path changes. They found
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that as material strain hardened, its dislocation density increased; and the initial crystal
structure of the material became distorted and re-oriented. Correspondingly, its yield surface
changed size and shape as well as in its positioning in the stress space. Similarly, Erinosho et
al. [10,11] investigated the relationship among strain hardening behaviour, dislocation
density and crystal structure of steel during discontinuous strain path change. They concluded
that the orientation of grains in the crystal structure or the texture of the material were
important factors in the strain hardening behaviour and evolution of the dislocation density of
the material during the discontinuous strain path change. Furthermore, the texture and
dislocation density evolution affected the strain localisation and eventually the limit strain of
the material. However, strain hardening and texture evolution during continuous strain path

change has not been reported.

The current material models to describe the strain hardening behaviour of a material
were developed for discontinuous strain path change in microscopic level [12-14] and in
macroscopic level [15-17] by considering the dataset from discontinuous strain path change
experiments. The experimental limitation to study continuous strain path change hindered the
investigation of the strain hardening behaviour, evolution of yield surface and evolution of
crystal structure of a material. Hence, study of continuous train path change is extremely
important to understand its effect on the strain hardening behaviour, evolution of yield
surface and evolution of crystal structure of a material to understand the path dependent

behaviour of forming limit strains and stresses effectively.

To investigate the relationship between applied deformation and microstructures, in-
situ deformation techniques are frequently used. During in-situ deformation, a material is
elongated using a micromechanical test rig that is placed in a scanning electron microscope
(SEM) chamber to characterise microstructural evolution during deformation. This may be

done using detectors such as the secondary electron or electron back-scatter diffraction



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

(EBSD) to image and measure texture respectively. Ghadbeigi et al. [18] and Celotto et al.
[19] deformed dual-phase 1000 (DP1000) steel and transformation induced plasticity 800
(TRIP800) steel samples uniaxially using a miniaturised loading rig. They captured SEM
images of the sample surface and post-processed the images using the digital image
correlation (DIC) technique to analyse the evolution of strain distribution in the ferritic and
martensitic phases of their specimens. Caér and Pesci [20] used a Micromecha
micromechanical test rig to biaxially stretch cruciform samples of annealed AISI 304
stainless steel to measure the evolution of texture from the centre of the biaxial specimen
during the loading process. They analysed the data to understand the grain rotation and
misorientation development in the material and found that the loading path had the potential

to orient the grains along a specific crystallographic direction.

A common characteristic of these in-situ experiments was that the specimen was
restricted to single strain path deformation. As a result, the effect of continuous strain path
changes on microstructure and texture has not been studied, and as such there is a research
gap in the understanding of material behaviour during this type of deformation. Addressing
this gap will enable formability to be quantified more accurately, thereby increasing the

confidence for designers in utilising high strength materials that have low formability.

This work developed an experimental method to enable continuous strain path change in
a sample that can be carried out in an SEM chamber to relate applied loading to
microstructural evolution. The design of rig and sample was developed with the help of
finite-element models and subsequent physical tests showed that the design was able to
continuously change strain path of a sample. Tests were carried out on steel and aluminium
specimens. Their behaviour was observed with digital image correlation (to measure strain at
two length scales namely macroscale and microscale) and EBSD. The strain results at
macroscale (termed as macro-strain) showed that aluminium displayed a ‘lag’ in transitioning

5
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to the second strain path that was not observed in steel. The strain at microscale (termed as
micro-strain) showed rotation of strain banding over the microstructure of the samples. The
EBSD results indicated the observable microstructural and textural changes prominently in

grain rotation.

2 Development of a novel continuous strain path change mechanism

A Micromecha Proxima test rig was used to perform the strain path change experiment.
The cruciform sample design proposed by Caér and Pesci [20] was modified to allow a strain
path change from uniaxial to biaxial when used with the Micromecha rig. The modification
and optimisation of the sample design was carried out by creating an FE model of the
experiment particularly, ensuring that the strain path transition occurs after a prescribed
amount of pre-strain. The sample design was then validated by carrying out experiments on

steel and aluminium samples. Three repetitions were performed for each set of experiments.

2.1 Optimisation of specimen design

The experimental set-up of the Micromecha Proxima rig fitted with the cruciform
sample is presented in Figure 1. The “inline” grips and ‘transverse’ grips of the rig are
connected through a 45° wedge (Figure 1a). A motor pulls the inline grip 1 against inline grip
2, which is securely grounded to the body of the rig. As the motor moves the inline grip 1
along +x direction, its motion is translated into a perpendicular motion of the transverse grips
(in the +y and -y direction) via the wedge connection. To change the strain path during the
experiment, the specimen geometry was modified to include slotted holes in the vertical arms
(Figure 2a). The overall dimension of the strain path change sample was 30.4 mm by 30 mm
(Figure 2a). The central region was reduced in thickness to concentrate the strain

accumulation and to prevent overloading the rig and the load cell.
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At the start of the experiment, the slots allowed the connecting bolts of the transverse
grips (Figure 1a) to translate without loading the specimen. After a specified elongation that
was determined by the length of the slots (0.2 mm) (Figure 2b), the connecting bolts of the
transverse grips engaged the specimen and the specimen was deformed biaxially. Hence, the
material was deformed uniaxially at the start of the experiment and thereafter the strain path
of the material was changed to biaxial strain path, without unloading the sample. Before
starting the test, the tolerance on the sample holes and slots and the design of the rig ensured
that the sample was located symmetrically. Specifically, while placing the specimen in the
rig, it was ensured that the arms with standard hole (not the slots) were placed parallel to the
x-axis and gripped with serrated clamps. The clamps and the slot restricted any rotation about
the centre of the sample during uniaxial deformation. During the transition, the slots ensured
that the sample was able to deform parallel to the y-axis. The slot length was chosen a value
of 0.2 mm to allow a reasonable amount of deformation along the uniaxial strain path before
the strain path transitioned to biaxial strain path. This value may be changed to allow

different levels of deformation along the uniaxial strain path.

Figure 1: Experimental set-up consisting of (a) the Micromecha Proxima rig and the

specimen; and (b) all other accessories.
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Figure 2: Design of (a) strain path change specimen and (b) assembly showing 0.2 mm travel

of connecting bolt during strain path change.

2.2 Choice of specimen materials

AA5182-0 aluminium alloy and DP600 steel were chosen as specimen materials
because they are commonly used in automotive applications. AA5182-0 is a single-phase
material and DP600 is a dual-phase material made up of a hard martensite phase and a softer
ferrite phase. The material properties and chemical compositions are detailed in Table 1 [21-
28] and Table 2 [21,22,27,29] respectively. The as-received thickness of aluminium and steel
sheets were 1 mm and 1.2 mm respectively. The thickness of central thinned region was 0.3
mm for aluminium and 0.25 mm for steel specimens. The higher thickness at the central
region in aluminium sample was chosen as the same sample was utilised for microscopic
observation after polishing and the material removal during polishing was higher for
aluminium than steel. In this work, the length of the slots was kept same for both the

aluminium and steel samples.

Table 1: Material properties of AA5182-O aluminium alloy and DP600 steel used in this

work [21-28]
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Material AA5182-O DP600
Gauge (mm) 1 1.2
Thickness of central thinned region (mm) 0.3 0.25
Young modulus (GPa) 70 208
Yield strength (MPa) 130 407
Ultimate tensile strength (MPa) 282 665
% Elongation 20 22

ro 0.75 0.96
Anisotropy parameters l45 0.85 0.93

roo 0.85 1.05
Hardening parameters Strength coefficient, K (MPa) | 487.6 1125
according to Hollomon law | Hardening exponent, n 0.263 0.21
Density (g/cm?®) 2.6 7.87
Poisson’s ratio 0.33 0.3

Table 2: Chemical composition (wt %) of AA5182-0 and DP600 material used in this work

[21,22,27,29]
Material Mg Mn Fe Si Al
AA5182-O 4.3 0.34 0.21 0.03 Balance
Material C Mn Si Al Mo Cr Cu S P Fe
DP600 009 184 036 005 0.01 002 0.03 0.005 0.01 Balance
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2.3 FE modelling of continuous strain path transition

The grips, connecting bolts and the specimen were modelled using the finite element
(FE) method to optimise the experiment and the sample design (Figure 3). The horizontal
grips, vertical grips, connecting bolts (Figure 3) were modelled as rigid bodies and the
specimen of which the gripping areas were modelled as rigid bodies while the rest of the part
of the specimen (indicated by red colour in Figure 3) was modelled as a deformable body. All
bodies in the entire model were meshed with solid elements of an appropriate size that
optimised speed and accuracy. The sample was assumed to yield isotropically (using the von
Mises model) and power-law hardening was assumed. The material properties used in the
modelling are tabulated in Table 1. To model the joint between the specimen to the grips, the
nodes in the connecting bolts and the nodes of the grips were modelled as constrained rigid
bodies while the connecting bolts were making surface contact with the griping areas of the
specimen. Two boundary conditions were applied to the model. First, displacement (2.5 mm
for AA5182-0 and 1.5 mm for DP600) was applied to in-line grip 1 along x-axis (Figure 3) to
represent the motor in the physical rig. Inline grip 2 was fixed. Second, the motion of
transverse grips 1 and 2 was restricted to the y-axis, to reflect the physical rig. The model was

solved using LS-Dyna explicit v.10.1.0.

Figure 3: FE model of the assembly consists of the grips, connecting bolts and the specimen

10
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2.4 Experimental validation of strain path change model

The developed FE model for strain path change was validated against experimental trials
of AA5182-0O and DP600 specimens. The specimens were machined in a high precision CNC
milling machine (DATRON M7HP machine) with a dimensional tolerance of the holes and
slots of 0.005 mm. The design of the sample ensured that the inline grips elongated the
sample uniaxially along x-axis up to 0.2 mm before the transverse grips applied loading on
the sample along y-axis to deform the sample biaxially. The macro-strain evolution over the
entire surface area (30 mm X 30 mm approx.) of the sample was measured witha GOM 12 M
DIC system. The DIC system consisted of two 12MP cameras fitted with 75 mm lenses to
capture the images of the arms and central region of the specimens. A speckled paint pattern
was applied to the sample surface before the test and GOM ARAMIS version 6.1 software
was used to acquire and process the captured images to calculate strain contour [30,31]. The
images were captured at 1 frame/second and the rig stretched the samples at a rate of 0.3

mm/min along x-axis (Figure 3).

3 Measuring of micro-strain and texture evolution during continuous

strain path change

Following the validation of the design of the continuous strain path change specimen, the
tests were repeated in a Zeiss Sigma SEM to demonstrate the capability of measuring the
micro-strain and texture evolution at the central thinned region of the sample. Particular
attention was placed on the capability of observing the behaviour of the micro-strain and

textural evolution during the strain path transition.

Prior to the experiments, the AA5182-O and DP600 specimens were prepared by

standard mechanical polishing to a final physical stage using colloidal silica. To measure the

11
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micro-strain evolution, samples were additionally etched to highlight the features in the
microstructure. AA5182-0 samples were etched with 10% NaOH aqueous solution for 2
minutes while DP600 samples were etched with 2% Nital solution for 10 seconds. These
microstructural features were used as the pattern in this study from which the micro-strain
was evaluated by correlating the micrographs between two successive deformation steps

using DIC analysis [18].

Loading of samples was controlled by Micromecha’s POROS 2 software. Load and
extension were captured by sensors on the rig and recorded to the POROS 2 software in real
time. Displacement was applied to the inline grip 1 at a rate of 5 pum/sec and paused at every
0.2 mm travel. While paused, imaging and texture data were measured. To measure micro-
strains, SEM scans were performed using secondary electrons (SE2) with 20 keV voltage.
These images were then post-processed with LaVision’s DIC software (DaVis 10) [32].
Using a subset size of 25 um and step size of 8 um, the software tracked the motion of
microstructural features on the samples during the test to produce contour plots of strains that
showed the evolution of microstructural strains. This procedure of strain measurement was
previously developed and demonstrated in our experimental facility [19,33]. This method is
capable of a displacement accuracy of 0.01 pixels with a strain resolution of about 0.1%
[18,32]. We used the software manufacturer’s recommended subset size of 25 um and it
corresponded to 13 um length resolution in AA5182-0 and 8 um length resolution in DP600
micrographs. This accuracy has been demonstrated to be sufficient for the purpose of

microstructural strain measurement [18].

Texture was measured with the SEM’s EBSD detector. Samples were scanned with the
step size of 0.5 um. The raw data from the EBSD was then post-processed in the HKL

Channel 5 software to evaluate the inverse pole figure (IPF) maps. The in-situ strain and

12
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texture measurements allowed a demonstration of the capability of the experiment to relate

microstructural evolution during the continuous strain path change.

4 Results and discussion

FE predictions of strain path change were validated in aluminium and steel using
measurements of strain evolution at the macroscale using DIC (Section 4.1). Once validated,
the technique was used to demonstrate the ability of the technique to capture the micro-strain
(Section 4.2.1) and texture (Section 4.2.2) evolution of material microstructure. Linking
macro-strain and micro-strain evolution during the continuous strain path change provided an
understanding between the plastic deformation and microstructural strain evolution.
Thereafter, the correlation study would reveal how the strain development during continuous

strain path change effected the microstructural features.

4.1 Validation of the design of the experimental method with digital image correlation

The design of the sample and the rig was validated by measuring the macro-strain
evolution in the samples using digital image correlation and comparing it to the FE
predictions. Macro-strains were tracked in the x- (ex) and y-axes (ey). The predicted evolution
of &x and ey strains in the AA5182-0 and DP600 specimens during the tests are shown in

Figure 4 and Figure 5 respectively.

13
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Figure 4: Predicted macro-strain in AA5182-0 specimen during continuous strain path
change: (a) ex and (b) &y strain distribution along uniaxial strain path before the strain path
transition and (c) ex and (d) &y strain distribution after the strain path transition to biaxial

strain path.
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Figure 5: Predicted macro-strain in DP600 specimen during continuous strain path change:
(@) ex and (b) &y strain distribution along uniaxial strain path before the strain path transition

and (c) ex and (d) ey strain distribution after the strain path transition to biaxial strain path.

The corresponding experimental ex and &y strain contour of the AA5182-O and DP600
specimens before and after the strain path transition are presented in Figure 6a-d and Figure
7a-d respectively. The predictions of Figure 4 and Figure 5 and the experimental
measurements of Figure 6 and Figure 7 showed a similar pattern of strain distribution at the
central region. The behaviour of the evolving strain and its level of the simulated macro-
strain contours were reasonably similar (within 20% difference) between the predicted and

experimental strains.
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Figure 6: Experimental macro-strain in AA5182-O specimen during continuous strain path
change: (a) ex and (b) ¢y strain distribution along uniaxial strain path before the strain path
transition and (c) ex and (d) &y strain distribution after the strain path transition to biaxial

strain path.

Figure 7: Experimental macro-strain in DP600 specimen during continuous strain path

change: (a) ex and (b) &y strain distribution along uniaxial strain path before the strain path
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transition and (c) exand (d) ey strain distribution after the strain path transition to biaxial strain

path.

The measured evolution of average ex and &y strains at the central thinned regions in
both materials was compared to the respective predicted strain evolution in strain space
(Figure 8). The strain evolution confirmed that the continuous strain path change was
achieved during the experiments. It was shown from experimental strain path transition data
of aluminium and steel that the 0.2 mm slots served the purpose well and the continuous
transition was achieved with a reasonable amount of strain at biaxial strain path before
sample failure. Figure 8 shows that the continuous strain path change deformation was
divided into three stages. First, deformation occurred along the ‘uniaxial’ strain path. Second,
there was a period when deformation transitioned and lastly, deformation occurred along the
‘biaxial’ strain path. Figure 8 shows that the DP600 material deformed uniaxially until about
0.11 major strain (ex = 0.11) before transitioning to the biaxial strain path. For AA5182-0, the
transition was observed to occur at 0.04 major strain (ex = 0.04). The manner in which strain
developed during uniaxial elongation was different in both the materials because the 0.2 mm
slot length was fixed for the uniaxial extension of both materials. Differences in modulus,
plastic behaviour and anisotropy of aluminium and steel specimen affected the strain path of
the materials. In addition, as DP600 steel was thinner at the central region (0.25 mm for
DP600 and 0.3 mm for AA5182-0), higher levels of strain were induced during uniaxial
deformation in DP600 sample. This design allows the slot length and thickness of the central

region to be adjusted if a specific strain path is desired in future.

The slopes of the uniaxial strain path obtained from experiment was -0.75 for DP600
and -0.85 for AA5182-0, which was between uniaxial tension (slope = -0.5) and pure shear
deformation (slope = -1.0). The transition phase from uniaxial to biaxial strain paths (Figure

8) for AA5182-0 and DP600 was visibly different. The transition for AA5182-O was smooth

17
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and curved, indicating a gradual strain path transition while the transition curve for the
DP600 sample was sharp as from uniaxial strain path to biaxial strain path (Figure 8). This
difference in the transition curve was likely due to intrinsic material behaviour during the
continuous strain path transition because the applied loading was similar for both materials.
The measured slope obtained in biaxial strain path was +1.2 for DP600 and +0.35 for
AA5182-0. The slope of equibiaxial strain path is +1. This difference in slope was suspected
to be, in part, due to local deformation around the slots. Because AA5182-O and DP600 have
different modulus, plastic behaviour and anisotropic properties, this may have led to
differences in compliance in the sample. This may be addressed in future work by using
thicker samples of aluminium. The amount of strain induced during the biaxial path was less
in DP600 than AA5182-0 before reaching the fracture strain values for both the materials as
the DP600 samples were already induced a higher amount of strain before starting the biaxial

stretching than AA5182-O samples.

The predicted and measured slopes were similar for both materials during uniaxial
loading. However, there were significant difference in the slope during the biaxial loading
phase because the predictions were based on a von Mises isotropic material model. Whereas
the anisotropy coefficient of the DP600 was nearly 1, the anisotropy coefficient for AA5182-
O was 0.8 (Table 1). As a result, the prediction of strain evolution for DP600 was better than
for AA5182-O. More advanced material models that account for anisotropic behaviour and
hardening were beyond the scope of the current research because the current aim was to

develop the technique rather than improve the prediction.
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path change in AA5182-O and DP600
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Figure 8: Experimental vs predicted average strain evolution during continuous strain path

change at the central thinned region in AA5182-0 and DP600 samples.

4.2  Strain and texture evolution in microstructure during continuous strain path

change

To demonstrate the ability to measure the microstructural evolution of the sample
during a continuous strain path change, the rig was placed in an SEM to measure strain and
texture evolution. Separate tests were performed for strain and texture measurements. Texture
data was processed to track the changes in grain orientation. Each test was interrupted at
every 0.2 mm of extension to capture micrographs and texture images of the microstructure
for strain and texture measurements respectively. The interrupted locations are shown as

drops in force in the force vs displacement curve (Figure 9).
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Figure 9: Force vs displacement curve of (a) AA5182-0 and (b) DP600 when elongation was
interrupted at every 0.2 mm of extension with the interrupted locations shown as drops in

force.

4.2.1 Microstructural strain evolution during strain path change

The micrographs (Figure 10 and Figure 11) of the sample surface obtained from SEM
scans were analysed with DIC analysis to demonstrate the capability of the experiment to
quantify microstructural strain (micro-strains) evolution along the x-axis (ex). Figure 10
shows the result for AA5182-O and Figure 11 shows the results for DP600. The rectangular
regions in Figure 10 and Figure 11 were tracked during the entire experiment and the strain
distribution was calculated on this region using DIC analysis. The micro-strain contour plots
are overlaid on the micrographs to show that the heterogeneous strain distributions in both

materials (Figure 10 and Figure 11).

The spread of the heterogeneous strain distribution in the single phase AA5182-O was
0.2 to 0. The spread of strain in DP600 was 0.19 to 0.06. As DP600 steel is constituted of
softer ferrite and harder martensite phase, strain localisation was mainly confined on softer
ferrite phase. Similar findings were reported by Ghadbeigi et al. [18]. On the other hand,
AA5182-0 is constituted of a single phase matrix and a non-uniform strain field was

developed on the microstructure where some grains were more strained than others. Similar
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type of strain localisation was observed by Martin et al. [34] in a single phase magnesium
alloy. Further, Gao et al. [35] concluded that generally non-uniform strain field was induced

at the grain scale due to dislocation movement during plastic deformation.

The transition in loading can be seen in the way the pattern of the contour plots
evolved during the tests. A banding angle of e strains (indicated by black line in Figure 10
and Figure 11) rotated from approximately 50° to 52° for AA5182-0 and approximately 45°
to 62° for DP600. The largest rotation taking place after the strain path transition, particularly
for DP600 (Figure 11). Before the strain path change, the banding angles were only rotated 1°
for both the materials. However, following the strain path transition, the angles were rotated
by 1° for AA5182-0 and 16° for DP600. The unique ability to investigate behaviour of
AA5182-0 and DP600 under transitioning loading will provide fresh understanding of the

intrinsic material behaviour of AA5182-O and DP600.
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Figure 10: Micrographs of the centre of the AA5182-0 specimen at (a) before uniaxial start,
(c) uniaxial end, (e) biaxial start and (g) biaxial end during the strain path transition.
Corresponding x-axis micro-strain (ex) distribution calculated from micro DIC analysis at (b)
before uniaxial start, (d) uniaxial end, (f) biaxial start and (h) biaxial end during the strain

path transition.
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Figure 11: Micrographs of the centre of the DP600 specimen at (a) before uniaxial start, (c)
uniaxial end, (e) biaxial start and (g) biaxial end during the strain path transition.
Corresponding x-axis micro-strain (ex) distribution calculated from micro DIC analysis at (b)
before uniaxial start, (d) uniaxial end, (f) biaxial start and (h) biaxial end during the strain

path transition.
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4.2.2 Microstructural texture evolution during continuous strain path change

The rig was able to highlight and provide insight into the evolution of microstructural
texture during the continuous strain path change. Texture analysis was performed using the
EBSD detector in the SEM to map around 160 grains and 300 grains in the central thinned
regions of the AA5182-O and DP600 samples respectively. The EBSD (along X direction)
maps, SEM images and inverse pole figure (IPF) X maps of AA5182-0 and DP600 samples
are shown in Figure 12 and Figure 13 respectively. Evidence of deformation was visually
clear within the grain structure of both materials, with grain elongation and shape change
occurring with increased elongation of both the samples. The microstructure showed a clear
change in texture from the end of uniaxial loading to biaxial loading. The EBSD and IPF
maps in Figure 12 and Figure 13 demonstrate, for the first time, textural changes of AA5182-

O and DP600 materials respectively during a continuous strain path change.

The EBSD images of AA5182-0 showed that the uniaxial strain path caused rotation
of grains oriented in [101] crystallographic direction towards [001] direction (highlighted by
black dotted circles in Figure 12). In the next biaxal stage, the orientation of those grains
remained nearly same as [001]. However, in the biaxial phase, grains oriented in [101]
direction rotated towards [111] direction (highlighted by black circles in Figure 12). In the
first uniaxial stage, the orientation of those grains remained as more or less [101]. Hence, the
experiment was able to show that the strain path transition triggered a mechanism, which
compelled some grains to rotate while it hindered rotation of other grains. The increase in
plastic deformation at the sample surface was shown by the increase in slip bands in SEM
images captured during the deformation process (Figure 12). IPF X maps (Figure 12) showed
the gradual increase of multiples of uniform distribution (MUD) value of [111] and [001]
grains with a maximum intensity factor of around 2 and 2.64 respectively while MUD value

of [101] remained same as 1 at the end of the uniaxial strain path. During strain path
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transition, the MUD value of [111] and [001] grains increased to 2.73 while the MUD value
of [101] grains diminished from 1 to nearly 0.04. During the biaxial strain path, the MUD
value of [111] and [001] grains increased to 3.16 whereas the MUD value of [101] grains
further reduced to 0.03. Hence, strain path transition triggered the increase of MUD value of

[111] and [001] grains and reduction of MUD value of [101] grains.
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424 Figure 12: On the left: EBSD mappings, in the middle: SEM images and on the right: inverse
425  pole figure (IPF) X mapping of the centre of the AA5182-O specimen at (a) uniaxial start, (b)

426  uniaxial end, (c) biaxial start and (d) biaxial end during continuous strain path change.

427 Similarly, EBSD images of DP600 showed [001] grains (highlighted by black dotted
428  circles in Figure 13) and [111] grains (highlighted by black circles in Figure 13) rotated
429  towards [101] direction in the uniaxial phase of the experiment. However, no rotations were

430  observed during the transition to the biaxial strain path. Hence, the strain path transition
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triggered a mechanism, which hindered rotation of some grains that rotated in the uniaxial
deformation stage and maintained the orientation of the grains same during the following
biaxial deformation stage. The plastic deformation of the sample surface increased
dislocation densities and it was prominent from the increase in slip bands in SEM images
captured during the deformation process (Figure 13). IPF X maps (Figure 13) showed the
decrease of multiples of uniform distribution (MUD) value of [001] grains from 1 to nearly
0.17 and the MUD values of [101] and [111] grains remained nearly constant at 0.17 and 1
respectively during uniaxial strain path. In subsequent stages of strain path transition and
biaxial strain path, the MUD values of [001], [101] and [111] grains were remained same.
Hence, strain path transition kept the MUD value of the grains unchanged while the MUD

values of those grains changed in the initial uniaxial deformation stage.
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444 Figure 13: On the left: EBSD mappings, in the middle: SEM images and on the right: inverse
445  pole figure (IPF) X mapping of the centre of the DP600 specimen at (a) uniaxial start, (b)

446  uniaxial end, (c) biaxial start and (d) biaxial end during continuous strain path change.
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This novel mechanism was able to reveal, for the first time, how a strain path transition
affects the rotation of grains. In the two materials studied here, the strain path change
promoted the rotation of some grains while it hindered the rotation of other grains depending
on the crystallographic orientation of the grains. In future, a detailed comparison on grain
rotation with the help of microstructure and texture evolution in between continuous and
discontinuous strain path change may give some insights regarding how the grains are
rotating during the continuous strain path transitions that take place in the draw stage of a
stamping process. In addition, tracking of other microstructural features namely Taylor
factor, geometric necessary dislocation (GND) density and local misorientation may reveal

the microstructural evolution in more details during continuous strain path change.

5 Conclusions

An experimental technique was developed to deform cruciform samples initially along a
uniaxial strain path and then along a biaxial strain path continuously without unloading the
sample. This was achieved with a unique sample design. The experimental technique utilised
a simple biaxial stretching rig and a simple sample geometry to perform continuous strain
path change. DIC analysis was performed on steel and aluminium samples and showed that
the technique was able to change the strain path in both materials continuously without
unloading the sample. Therefore, the novelty of the developed testing method is to achieve
strain path change continuously without removing applied load from the sample in a biaxial
stretching mechanism by providing slotted holes in two arms out of four arms of a cruciform
test specimen. By changing the slot length, the point of strain path transition can be changed
accordingly. As the overall set-up can be placed inside an SEM chamber, in-situ analyses can
be carried out to identify microstructural changes to the material during the continuous strain

path change. In particular, SEM images and EBSD data were captured in-situ during the
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deformation process. The SEM images were post processed to study strain evolution in the

microstructure while the EBSD data revealed the changes of texture during the deformation

process. Based on the results obtained from this study, the following conclusions were drawn:

The experimental method was able to change the strain path from uniaxial to the biaxial
strain path in steel and aluminium continuously, without unloading the sample.

The strain path change curve obtained from the experiments correlated well with the
predicted curve from the FE model of the mechanism.

The experimental method allowed observation into the differences in the manner in
which the strain path change occurs in aluminium and steel. The strain path transition
for AA5182-O was a gradual transition from uniaxial to biaxial strain. On the other
hand, the transition in the DP600 sample was sharp and rapid from uniaxial to biaxial
strain.

The evolution of material microstructure can be observed because the loading rig can
be mounted in a SEM. Initial observations showed a rotation in micro-strain banding
angle in both the materials. The rotation was higher in DP600 sample.

The textural data captured during the strain path change revealed that the strain path
change triggered a mechanism, which either promoted or hindered the rotation of the

grains depending on their crystallographic orientations.
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