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Abstract 6 

Strain path transition is a common phenomenon during continuous stamping operations of 7 

sheet metal and can potentially alter the forming limit of the material. Enabling strain path 8 

change in a single experiment is a key challenge faced by several researchers. To understand 9 

the effect of continuous strain path change on material forming limits, detailed material 10 

characterisation is needed where the material is deformed while the strain path of the material 11 

is changed continuously. In this work, a test method was developed, which consisted of a 12 

novel mechanical rig and specimen design. The mechanism allowed DP600 steel and 13 

AA5182-O aluminium samples to change strain paths continuously without unloading the 14 

specimen. Digital image correlation measurements of the strain evolution of the samples 15 

during tests showed that the technique was able to alter the strain path of the sample from 16 

uniaxial to biaxial strain path. In particular, the measurements showed that the transition from 17 

uniaxial to biaxial strain paths was sharper in DP600 than AA5182-O. The test was repeated 18 

in a scanning electron microscope (SEM) chamber to observe the behaviour of the 19 

microstructure during the strain path transition. The microstructural strain evolution showed 20 

rotation of strain bands while the evolution of electron back scattered diffraction (EBSD) 21 

maps conveyed grain rotation during continuous strain path change in both the materials. The 22 
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strain path transition controlled the rotation of grains with preferred crystallographic 23 

orientations.  24 

Keywords: Sheet Metal Stamping, Strain Path Change, Finite Element Modelling, 25 

Microstructure Characterisation, In-situ SEM, In-situ EBSD.  26 

1 Introduction 27 

Stamping processes used in the automotive industry are often multi-stage. In the first 28 

stage, the material undergoes the majority of its final deformation as the sheet is drawn. In 29 

subsequent stages, the drawn material may be redrawn, flanged or pierced to produce the 30 

final panel geometry. This process results in two types of strain path change mechanisms: 31 

continuous and discontinuous. The continuous strain path change takes place during the draw 32 

stage when the material flows over the changing geometry of the draw tool, which alters the 33 

strain path of the material as it is deformed from one location to the next. The discontinuous 34 

strain path change mechanism occurs when the component is removed from the draw tooling 35 

and allowed to springback. It is subsequently deformed along a different strain path when it is 36 

re-drawn or flanged in a following stage.  37 

The current state-of-the-art has focussed on the effects of the discontinuous strain path 38 

change on material forming limit. Dhara et al. [1] simulated the discontinuous strain path 39 

change in an AA5754-O aluminium alloy by first pre-strained in uniaxially in a tensile 40 

machine and subsequently re-loading along the biaxial strain path using a miniature Nakajima 41 

test. They found considerable increase in the forming limits when the material was pre-42 

strained along transverse to the sheet rolling direction. More recently, Collins et al. [2] 43 

observed a similar phenomenon in low carbon ferritic steel samples. Using a purpose-built 44 

tester, cruciform samples were first pre-strained along a uniaxial strain path, afterwards 45 

unloaded and then loaded biaxially. They found a significant increase in the limit strains. 46 
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The effect of the continuous strain path change on forming limits has not been studied as 47 

thoroughly. Song et al. [3] and Leotoing and Guines [4] developed a complex cruciform 48 

specimen to change the strain path continuously from uniaxial tension to biaxial tension using 49 

a sophisticated servo-hydraulic testing machine. They found that continuously changing 50 

strain paths also produced significant changes to the forming limit strains in steel (DP600) 51 

and aluminium (AA5086). However, the study of continuous strain path change mechanism 52 

with a simple specimen geometry and a simpler biaxial stretching mechanism is potentially 53 

more important to understand the reason behind the formability change during the strain path 54 

change that occurs in the draw stage.  55 

One potential route to address the effect of continuous strain path changes is to 56 

characterise forming limits in the stress space. Stoughton [5] and Stoughton and Zhu [6] 57 

concluded that the stress based forming limit curve seemed to be an attractive tool to predict 58 

the formability of sheet metal subjected to strain path change during the multi-stage 59 

deformation process. Yoshida et al [7] and Yoshida and Kuwabara [8] studied forming limit 60 

stresses and strains of a steel alloy by deforming tube samples through linear and combined 61 

linear stress paths. They made three findings. First, the stress-based characterisation of 62 

forming limits was path independent when the strain path change was discontinuous. Second, 63 

the limit stress was path dependent when it was continuous. Third, path-dependent nature was 64 

directly affected by the strain hardening behaviour of the material. Hence, it is necessary to 65 

evaluate the stress and strain evolution as well as the strain hardening behaviour of a material 66 

during continuous strain path change to understand the effect of continuous strain path 67 

change on formability. 68 

 To identify the relationship between strain path change and microstructure, Verma et 69 

al. [9] studied the strain hardening behaviour and evolution of yield surface of ultra-low 70 

carbon high strength automotive steel during discontinuous strain path changes. They found 71 
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that as material strain hardened, its dislocation density increased; and the initial crystal 72 

structure of the material became distorted and re-oriented. Correspondingly, its yield surface 73 

changed size and shape as well as in its positioning in the stress space. Similarly, Erinosho et 74 

al. [10,11] investigated the relationship among strain hardening behaviour, dislocation 75 

density and crystal structure of steel during discontinuous strain path change. They concluded 76 

that the orientation of grains in the crystal structure or the texture of the material were 77 

important factors in the strain hardening behaviour and evolution of the dislocation density of 78 

the material during the discontinuous strain path change. Furthermore, the texture and 79 

dislocation density evolution affected the strain localisation and eventually the limit strain of 80 

the material. However, strain hardening and texture evolution during continuous strain path 81 

change has not been reported.  82 

The current material models to describe the strain hardening behaviour of a material 83 

were developed for discontinuous strain path change in microscopic level [12–14] and in 84 

macroscopic level [15–17] by considering the dataset from discontinuous strain path change 85 

experiments. The experimental limitation to study continuous strain path change hindered the 86 

investigation of the strain hardening behaviour, evolution of yield surface and evolution of 87 

crystal structure of a material. Hence, study of continuous train path change is extremely 88 

important to understand its effect on the strain hardening behaviour, evolution of yield 89 

surface and evolution of crystal structure of a material to understand the path dependent 90 

behaviour of forming limit strains and stresses effectively. 91 

To investigate the relationship between applied deformation and microstructures, in-92 

situ deformation techniques are frequently used. During in-situ deformation, a material is 93 

elongated using a micromechanical test rig that is placed in a scanning electron microscope 94 

(SEM) chamber to characterise microstructural evolution during deformation. This may be 95 

done using detectors such as the secondary electron or electron back-scatter diffraction 96 
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(EBSD) to image and measure texture respectively. Ghadbeigi et al. [18] and Celotto et al. 97 

[19] deformed dual-phase 1000 (DP1000) steel and transformation induced plasticity 800 98 

(TRIP800) steel samples uniaxially using a miniaturised loading rig. They captured SEM 99 

images of the sample surface and post-processed the images using the digital image 100 

correlation (DIC) technique to analyse the evolution of strain distribution in the ferritic and 101 

martensitic phases of their specimens. Caër and Pesci [20] used a Micromecha 102 

micromechanical test rig to biaxially stretch cruciform samples of annealed AISI 304 103 

stainless steel to measure the evolution of texture from the centre of the biaxial specimen 104 

during the loading process. They analysed the data to understand the grain rotation and 105 

misorientation development in the material and found that the loading path had the potential 106 

to orient the grains along a specific crystallographic direction.  107 

A common characteristic of these in-situ experiments was that the specimen was 108 

restricted to single strain path deformation. As a result, the effect of continuous strain path 109 

changes on microstructure and texture has not been studied, and as such there is a research 110 

gap in the understanding of material behaviour during this type of deformation. Addressing 111 

this gap will enable formability to be quantified more accurately, thereby increasing the 112 

confidence for designers in utilising high strength materials that have low formability. 113 

This work developed an experimental method to enable continuous strain path change in 114 

a sample that can be carried out in an SEM chamber to relate applied loading to 115 

microstructural evolution. The design of rig and sample was developed with the help of 116 

finite-element models and subsequent physical tests showed that the design was able to 117 

continuously change strain path of a sample. Tests were carried out on steel and aluminium 118 

specimens. Their behaviour was observed with digital image correlation (to measure strain at 119 

two length scales namely macroscale and microscale) and EBSD. The strain results at 120 

macroscale (termed as macro-strain) showed that aluminium displayed a ‘lag’ in transitioning 121 
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to the second strain path that was not observed in steel. The strain at microscale (termed as 122 

micro-strain) showed rotation of strain banding over the microstructure of the samples. The 123 

EBSD results indicated the observable microstructural and textural changes prominently in 124 

grain rotation. 125 

2 Development of a novel continuous strain path change mechanism 126 

A Micromecha Proxima test rig was used to perform the strain path change experiment. 127 

The cruciform sample design proposed by Caër and Pesci [20] was modified to allow a strain 128 

path change from uniaxial to biaxial when used with the Micromecha rig. The modification 129 

and optimisation of the sample design was carried out by creating an FE model of the 130 

experiment particularly, ensuring that the strain path transition occurs after a prescribed 131 

amount of pre-strain. The sample design was then validated by carrying out experiments on 132 

steel and aluminium samples. Three repetitions were performed for each set of experiments. 133 

2.1 Optimisation of specimen design 134 

The experimental set-up of the Micromecha Proxima rig fitted with the cruciform 135 

sample is presented in Figure 1. The ‘inline’ grips and ‘transverse’ grips of the rig are 136 

connected through a 45° wedge (Figure 1a). A motor pulls the inline grip 1 against inline grip 137 

2, which is securely grounded to the body of the rig. As the motor moves the inline grip 1 138 

along +x direction, its motion is translated into a perpendicular motion of the transverse grips 139 

(in the +y and –y direction) via the wedge connection. To change the strain path during the 140 

experiment, the specimen geometry was modified to include slotted holes in the vertical arms 141 

(Figure 2a). The overall dimension of the strain path change sample was 30.4 mm by 30 mm 142 

(Figure 2a). The central region was reduced in thickness to concentrate the strain 143 

accumulation and to prevent overloading the rig and the load cell.  144 
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At the start of the experiment, the slots allowed the connecting bolts of the transverse 145 

grips (Figure 1a) to translate without loading the specimen. After a specified elongation that 146 

was determined by the length of the slots (0.2 mm) (Figure 2b), the connecting bolts of the 147 

transverse grips engaged the specimen and the specimen was deformed biaxially. Hence, the 148 

material was deformed uniaxially at the start of the experiment and thereafter the strain path 149 

of the material was changed to biaxial strain path, without unloading the sample. Before 150 

starting the test, the tolerance on the sample holes and slots and the design of the rig ensured 151 

that the sample was located symmetrically. Specifically, while placing the specimen in the 152 

rig, it was ensured that the arms with standard hole (not the slots) were placed parallel to the 153 

x-axis and gripped with serrated clamps. The clamps and the slot restricted any rotation about 154 

the centre of the sample during uniaxial deformation. During the transition, the slots ensured 155 

that the sample was able to deform parallel to the y-axis. The slot length was chosen a value 156 

of 0.2 mm to allow a reasonable amount of deformation along the uniaxial strain path before 157 

the strain path transitioned to biaxial strain path. This value may be changed to allow 158 

different levels of deformation along the uniaxial strain path. 159 

 160 

Figure 1: Experimental set-up consisting of (a) the Micromecha Proxima rig and the 161 

specimen; and (b) all other accessories. 162 
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 163 

Figure 2: Design of (a) strain path change specimen and (b) assembly showing 0.2 mm travel 164 

of connecting bolt during strain path change. 165 

2.2 Choice of specimen materials 166 

AA5182-O aluminium alloy and DP600 steel were chosen as specimen materials 167 

because they are commonly used in automotive applications. AA5182-O is a single-phase 168 

material and DP600 is a dual-phase material made up of a hard martensite phase and a softer 169 

ferrite phase. The material properties and chemical compositions are detailed in Table 1 [21–170 

28] and Table 2 [21,22,27,29] respectively. The as-received thickness of aluminium and steel 171 

sheets were 1 mm and 1.2 mm respectively. The thickness of central thinned region was 0.3 172 

mm for aluminium and 0.25 mm for steel specimens. The higher thickness at the central 173 

region in aluminium sample was chosen as the same sample was utilised for microscopic 174 

observation after polishing and the material removal during polishing was higher for 175 

aluminium than steel. In this work, the length of the slots was kept same for both the 176 

aluminium and steel samples. 177 

Table 1: Material properties of AA5182-O aluminium alloy and DP600 steel used in this 178 

work [21–28] 179 
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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 

Anisotropy parameters 

r0 0.75 0.96 

r45 0.85 0.93 

r90 0.85 1.05 

Hardening parameters 

according to Hollomon law 

Strength coefficient, K (MPa) 487.6 1125 

Hardening exponent, n 0.263 0.21 

Density (g/cm3) 2.6 7.87 

Poisson’s ratio 0.33 0.3 

 180 

Table 2: Chemical composition (wt %) of AA5182-O and DP600 material used in this work 181 

[21,22,27,29] 182 

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 0.09 1.84 0.36 0.05 0.01 0.02 0.03 0.005 0.01 Balance 

 183 
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2.3 FE modelling of continuous strain path transition 184 

The grips, connecting bolts and the specimen were modelled using the finite element 185 

(FE) method to optimise the experiment and the sample design (Figure 3). The horizontal 186 

grips, vertical grips, connecting bolts (Figure 3) were modelled as rigid bodies and the 187 

specimen of which the gripping areas were modelled as rigid bodies while the rest of the part 188 

of the specimen (indicated by red colour in Figure 3) was modelled as a deformable body. All 189 

bodies in the entire model were meshed with solid elements of an appropriate size that 190 

optimised speed and accuracy. The sample was assumed to yield isotropically (using the von 191 

Mises model) and power-law hardening was assumed. The material properties used in the 192 

modelling are tabulated in Table 1. To model the joint between the specimen to the grips, the 193 

nodes in the connecting bolts and the nodes of the grips were modelled as constrained rigid 194 

bodies while the connecting bolts were making surface contact with the griping areas of the 195 

specimen. Two boundary conditions were applied to the model. First, displacement (2.5 mm 196 

for AA5182-O and 1.5 mm for DP600) was applied to in-line grip 1 along x-axis (Figure 3) to 197 

represent the motor in the physical rig. Inline grip 2 was fixed. Second, the motion of 198 

transverse grips 1 and 2 was restricted to the y-axis, to reflect the physical rig. The model was 199 

solved using LS-Dyna explicit v.10.1.0.  200 

 201 

Figure 3: FE model of the assembly consists of the grips, connecting bolts and the specimen 202 
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2.4 Experimental validation of strain path change model 203 

The developed FE model for strain path change was validated against experimental trials 204 

of AA5182-O and DP600 specimens. The specimens were machined in a high precision CNC 205 

milling machine (DATRON M7HP machine) with a dimensional tolerance of the holes and 206 

slots of 0.005 mm. The design of the sample ensured that the inline grips elongated the 207 

sample uniaxially along x-axis up to 0.2 mm before the transverse grips applied loading on 208 

the sample along y-axis to deform the sample biaxially. The macro-strain evolution over the 209 

entire surface area (30 mm X 30 mm approx.) of the sample was measured with a GOM 12 M 210 

DIC system. The DIC system consisted of two 12MP cameras fitted with 75 mm lenses to 211 

capture the images of the arms and central region of the specimens. A speckled paint pattern 212 

was applied to the sample surface before the test and GOM ARAMIS version 6.1 software 213 

was used to acquire and process the captured images to calculate strain contour [30,31]. The 214 

images were captured at 1 frame/second and the rig stretched the samples at a rate of 0.3 215 

mm/min along x-axis (Figure 3). 216 

3 Measuring of micro-strain and texture evolution during continuous 217 

strain path change 218 

Following the validation of the design of the continuous strain path change specimen, the 219 

tests were repeated in a Zeiss Sigma SEM to demonstrate the capability of measuring the 220 

micro-strain and texture evolution at the central thinned region of the sample. Particular 221 

attention was placed on the capability of observing the behaviour of the micro-strain and 222 

textural evolution during the strain path transition. 223 

Prior to the experiments, the AA5182-O and DP600 specimens were prepared by 224 

standard mechanical polishing to a final physical stage using colloidal silica. To measure the 225 
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micro-strain evolution, samples were additionally etched to highlight the features in the 226 

microstructure. AA5182-O samples were etched with 10% NaOH aqueous solution for 2 227 

minutes while DP600 samples were etched with 2% Nital solution for 10 seconds. These 228 

microstructural features were used as the pattern in this study from which the micro-strain 229 

was evaluated by correlating the micrographs between two successive deformation steps 230 

using DIC analysis [18]. 231 

Loading of samples was controlled by Micromecha’s POROS 2 software. Load and 232 

extension were captured by sensors on the rig and recorded to the POROS 2 software in real 233 

time. Displacement was applied to the inline grip 1 at a rate of 5 µm/sec and paused at every 234 

0.2 mm travel. While paused, imaging and texture data were measured. To measure micro-235 

strains, SEM scans were performed using secondary electrons (SE2) with 20 keV voltage. 236 

These images were then post-processed with LaVision’s DIC software (DaVis 10) [32]. 237 

Using a subset size of 25 µm and step size of 8 µm, the software tracked the motion of 238 

microstructural features on the samples during the test to produce contour plots of strains that 239 

showed the evolution of microstructural strains. This procedure of strain measurement was 240 

previously developed and demonstrated in our experimental facility [19,33]. This method is 241 

capable of a displacement accuracy of 0.01 pixels with a strain resolution of about 0.1% 242 

[18,32]. We used the software manufacturer’s recommended subset size of 25 µm and it 243 

corresponded to 13 µm length resolution in AA5182-O and 8 µm length resolution in DP600 244 

micrographs. This accuracy has been demonstrated to be sufficient for the purpose of 245 

microstructural strain measurement [18].  246 

Texture was measured with the SEM’s EBSD detector. Samples were scanned with the 247 

step size of 0.5 µm. The raw data from the EBSD was then post-processed in the HKL 248 

Channel 5 software to evaluate the inverse pole figure (IPF) maps. The in-situ strain and 249 
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texture measurements allowed a demonstration of the capability of the experiment to relate 250 

microstructural evolution during the continuous strain path change. 251 

4 Results and discussion 252 

FE predictions of strain path change were validated in aluminium and steel using 253 

measurements of strain evolution at the macroscale using DIC (Section 4.1). Once validated, 254 

the technique was used to demonstrate the ability of the technique to capture the micro-strain 255 

(Section 4.2.1) and texture (Section 4.2.2) evolution of material microstructure. Linking 256 

macro-strain and micro-strain evolution during the continuous strain path change provided an 257 

understanding between the plastic deformation and microstructural strain evolution. 258 

Thereafter, the correlation study would reveal how the strain development during continuous 259 

strain path change effected the microstructural features. 260 

4.1 Validation of the design of the experimental method with digital image correlation 261 

The design of the sample and the rig was validated by measuring the macro-strain 262 

evolution in the samples using digital image correlation and comparing it to the FE 263 

predictions. Macro-strains were tracked in the x- (εx) and y-axes (εy). The predicted evolution 264 

of εx and εy strains in the AA5182-O and DP600 specimens during the tests are shown in 265 

Figure 4 and Figure 5 respectively. 266 
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 267 

Figure 4: Predicted macro-strain in AA5182-O specimen during continuous strain path 268 

change: (a) εx and (b) εy strain distribution along uniaxial strain path before the strain path 269 

transition and (c) εx and (d) εy strain distribution after the strain path transition to biaxial 270 

strain path. 271 
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 272 

Figure 5: Predicted macro-strain in DP600 specimen during continuous strain path change: 273 

(a) εx and (b) εy strain distribution along uniaxial strain path before the strain path transition 274 

and (c) εx and (d) εy strain distribution after the strain path transition to biaxial strain path. 275 

The corresponding experimental εx and εy strain contour of the AA5182-O and DP600 276 

specimens before and after the strain path transition are presented in Figure 6a-d and Figure 277 

7a-d respectively. The predictions of Figure 4 and Figure 5 and the experimental 278 

measurements of Figure 6 and Figure 7 showed a similar pattern of strain distribution at the 279 

central region. The behaviour of the evolving strain and its level of the simulated macro-280 

strain contours were reasonably similar (within 20% difference) between the predicted and 281 

experimental strains. 282 
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 283 

Figure 6: Experimental macro-strain in AA5182-O specimen during continuous strain path 284 

change: (a) εx and (b) εy strain distribution along uniaxial strain path before the strain path 285 

transition and (c) εx and (d) εy strain distribution after the strain path transition to biaxial 286 

strain path. 287 

 288 

Figure 7: Experimental macro-strain in DP600 specimen during continuous strain path 289 

change: (a) εx and (b) εy strain distribution along uniaxial strain path before the strain path 290 
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transition and (c) εx and (d) εy strain distribution after the strain path transition to biaxial strain 291 

path. 292 

The measured evolution of average εx and εy strains at the central thinned regions in 293 

both materials was compared to the respective predicted strain evolution in strain space 294 

(Figure 8). The strain evolution confirmed that the continuous strain path change was 295 

achieved during the experiments. It was shown from experimental strain path transition data 296 

of aluminium and steel that the 0.2 mm slots served the purpose well and the continuous 297 

transition was achieved with a reasonable amount of strain at biaxial strain path before 298 

sample failure. Figure 8 shows that the continuous strain path change deformation was 299 

divided into three stages. First, deformation occurred along the ‘uniaxial’ strain path. Second, 300 

there was a period when deformation transitioned and lastly, deformation occurred along the 301 

‘biaxial’ strain path. Figure 8 shows that the DP600 material deformed uniaxially until about 302 

0.11 major strain (εx = 0.11) before transitioning to the biaxial strain path. For AA5182-O, the 303 

transition was observed to occur at 0.04 major strain (εx = 0.04). The manner in which strain 304 

developed during uniaxial elongation was different in both the materials because the 0.2 mm 305 

slot length was fixed for the uniaxial extension of both materials. Differences in modulus, 306 

plastic behaviour and anisotropy of aluminium and steel specimen affected the strain path of 307 

the materials. In addition, as DP600 steel was thinner at the central region (0.25 mm for 308 

DP600 and 0.3 mm for AA5182-O), higher levels of strain were induced during uniaxial 309 

deformation in DP600 sample. This design allows the slot length and thickness of the central 310 

region to be adjusted if a specific strain path is desired in future. 311 

The slopes of the uniaxial strain path obtained from experiment was -0.75 for DP600 312 

and -0.85 for AA5182-O, which was between uniaxial tension (slope = -0.5) and pure shear 313 

deformation (slope = -1.0). The transition phase from uniaxial to biaxial strain paths (Figure 314 

8) for AA5182-O and DP600 was visibly different. The transition for AA5182-O was smooth 315 
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and curved, indicating a gradual strain path transition while the transition curve for the 316 

DP600 sample was sharp as from uniaxial strain path to biaxial strain path (Figure 8). This 317 

difference in the transition curve was likely due to intrinsic material behaviour during the 318 

continuous strain path transition because the applied loading was similar for both materials. 319 

The measured slope obtained in biaxial strain path was +1.2 for DP600 and +0.35 for 320 

AA5182-O. The slope of equibiaxial strain path is +1. This difference in slope was suspected 321 

to be, in part, due to local deformation around the slots. Because AA5182-O and DP600 have 322 

different modulus, plastic behaviour and anisotropic properties, this may have led to 323 

differences in compliance in the sample. This may be addressed in future work by using 324 

thicker samples of aluminium. The amount of strain induced during the biaxial path was less 325 

in DP600 than AA5182-O before reaching the fracture strain values for both the materials as 326 

the DP600 samples were already induced a higher amount of strain before starting the biaxial 327 

stretching than AA5182-O samples.  328 

The predicted and measured slopes were similar for both materials during uniaxial 329 

loading. However, there were significant difference in the slope during the biaxial loading 330 

phase because the predictions were based on a von Mises isotropic material model. Whereas 331 

the anisotropy coefficient of the DP600 was nearly 1, the anisotropy coefficient for AA5182-332 

O was 0.8 (Table 1). As a result, the prediction of strain evolution for DP600 was better than 333 

for AA5182-O. More advanced material models that account for anisotropic behaviour and 334 

hardening were beyond the scope of the current research because the current aim was to 335 

develop the technique rather than improve the prediction. 336 
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 337 

Figure 8: Experimental vs predicted average strain evolution during continuous strain path 338 

change at the central thinned region in AA5182-O and DP600 samples. 339 

4.2 Strain and texture evolution in microstructure during continuous strain path 340 

change 341 

To demonstrate the ability to measure the microstructural evolution of the sample 342 

during a continuous strain path change, the rig was placed in an SEM to measure strain and 343 

texture evolution. Separate tests were performed for strain and texture measurements. Texture 344 

data was processed to track the changes in grain orientation. Each test was interrupted at 345 

every 0.2 mm of extension to capture micrographs and texture images of the microstructure 346 

for strain and texture measurements respectively. The interrupted locations are shown as 347 

drops in force in the force vs displacement curve (Figure 9).  348 
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 349 

Figure 9: Force vs displacement curve of (a) AA5182-O and (b) DP600 when elongation was 350 

interrupted at every 0.2 mm of extension with the interrupted locations shown as drops in 351 

force. 352 

4.2.1 Microstructural strain evolution during strain path change 353 

The micrographs (Figure 10 and Figure 11) of the sample surface obtained from SEM 354 

scans were analysed with DIC analysis to demonstrate the capability of the experiment to 355 

quantify microstructural strain (micro-strains) evolution along the x-axis (ex). Figure 10 356 

shows the result for AA5182-O and Figure 11 shows the results for DP600. The rectangular 357 

regions in Figure 10 and Figure 11 were tracked during the entire experiment and the strain 358 

distribution was calculated on this region using DIC analysis. The micro-strain contour plots 359 

are overlaid on the micrographs to show that the heterogeneous strain distributions in both 360 

materials (Figure 10 and Figure 11).  361 

The spread of the heterogeneous strain distribution in the single phase AA5182-O was 362 

0.2 to 0. The spread of strain in DP600 was 0.19 to 0.06. As DP600 steel is constituted of 363 

softer ferrite and harder martensite phase, strain localisation was mainly confined on softer 364 

ferrite phase. Similar findings were reported by Ghadbeigi et al. [18]. On the other hand, 365 

AA5182-O is constituted of a single phase matrix and a non-uniform strain field was 366 

developed on the microstructure where some grains were more strained than others. Similar 367 
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type of strain localisation was observed by Martin et al. [34] in a single phase magnesium 368 

alloy. Further, Gao et al. [35] concluded that generally non-uniform strain field was induced 369 

at the grain scale due to dislocation movement during plastic deformation. 370 

The transition in loading can be seen in the way the pattern of the contour plots 371 

evolved during the tests. A banding angle of ex strains (indicated by black line in Figure 10 372 

and Figure 11) rotated from approximately 50° to 52° for AA5182-O and approximately 45° 373 

to 62° for DP600. The largest rotation taking place after the strain path transition, particularly 374 

for DP600 (Figure 11). Before the strain path change, the banding angles were only rotated 1° 375 

for both the materials. However, following the strain path transition, the angles were rotated 376 

by 1° for AA5182-O and 16° for DP600. The unique ability to investigate behaviour of 377 

AA5182-O and DP600 under transitioning loading will provide fresh understanding of the 378 

intrinsic material behaviour of AA5182-O and DP600. 379 

 380 
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 381 

Figure 10: Micrographs of the centre of the AA5182-O specimen at (a) before uniaxial start, 382 

(c) uniaxial end, (e) biaxial start and (g) biaxial end during the strain path transition. 383 

Corresponding x-axis micro-strain (ex) distribution calculated from micro DIC analysis at (b) 384 

before uniaxial start, (d) uniaxial end, (f) biaxial start and (h) biaxial end during the strain 385 

path transition. 386 
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 387 

Figure 11: Micrographs of the centre of the DP600 specimen at (a) before uniaxial start, (c) 388 

uniaxial end, (e) biaxial start and (g) biaxial end during the strain path transition. 389 

Corresponding x-axis micro-strain (ex) distribution calculated from micro DIC analysis at (b) 390 

before uniaxial start, (d) uniaxial end, (f) biaxial start and (h) biaxial end during the strain 391 

path transition. 392 
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4.2.2 Microstructural texture evolution during continuous strain path change 393 

The rig was able to highlight and provide insight into the evolution of microstructural 394 

texture during the continuous strain path change. Texture analysis was performed using the 395 

EBSD detector in the SEM to map around 160 grains and 300 grains in the central thinned 396 

regions of the AA5182-O and DP600 samples respectively. The EBSD (along X direction) 397 

maps, SEM images and inverse pole figure (IPF) X maps of AA5182-O and DP600 samples 398 

are shown in Figure 12 and Figure 13 respectively. Evidence of deformation was visually 399 

clear within the grain structure of both materials, with grain elongation and shape change 400 

occurring with increased elongation of both the samples. The microstructure showed a clear 401 

change in texture from the end of uniaxial loading to biaxial loading. The EBSD and IPF 402 

maps in Figure 12 and Figure 13 demonstrate, for the first time, textural changes of AA5182-403 

O and DP600 materials respectively during a continuous strain path change. 404 

The EBSD images of AA5182-O showed that the uniaxial strain path caused rotation 405 

of grains oriented in [101] crystallographic direction towards [001] direction (highlighted by 406 

black dotted circles in Figure 12). In the next biaxal stage, the orientation of those grains 407 

remained nearly same as [001]. However, in the biaxial phase, grains oriented in [101] 408 

direction rotated towards [111] direction (highlighted by black circles in Figure 12). In the 409 

first uniaxial stage, the orientation of those grains remained as more or less [101]. Hence, the 410 

experiment was able to show that the strain path transition triggered a mechanism, which 411 

compelled some grains to rotate while it hindered rotation of other grains. The increase in 412 

plastic deformation at the sample surface was shown by the increase in slip bands in SEM 413 

images captured during the deformation process (Figure 12). IPF X maps (Figure 12) showed 414 

the gradual increase of multiples of uniform distribution (MUD) value of [111] and [001] 415 

grains with a maximum intensity factor of around 2 and 2.64 respectively while MUD value 416 

of [101] remained same as 1 at the end of the uniaxial strain path. During strain path 417 
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transition, the MUD value of [111] and [001] grains increased to 2.73 while the MUD value 418 

of [101] grains diminished from 1 to nearly 0.04. During the biaxial strain path, the MUD 419 

value of [111] and [001] grains increased to 3.16 whereas the MUD value of [101] grains 420 

further reduced to 0.03. Hence, strain path transition triggered the increase of MUD value of 421 

[111] and [001] grains and reduction of MUD value of [101] grains. 422 
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 423 

Figure 12: On the left: EBSD mappings, in the middle: SEM images and on the right: inverse 424 

pole figure (IPF) X mapping of the centre of the AA5182-O specimen at (a) uniaxial start, (b) 425 

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

Similarly, EBSD images of DP600 showed [001] grains (highlighted by black dotted 427 

circles in Figure 13) and [111] grains (highlighted by black circles in Figure 13) rotated 428 

towards [101] direction in the uniaxial phase of the experiment. However, no rotations were 429 

observed during the transition to the biaxial strain path. Hence, the strain path transition 430 
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triggered a mechanism, which hindered rotation of some grains that rotated in the uniaxial 431 

deformation stage and maintained the orientation of the grains same during the following 432 

biaxial deformation stage. The plastic deformation of the sample surface increased 433 

dislocation densities and it was prominent from the increase in slip bands in SEM images 434 

captured during the deformation process (Figure 13). IPF X maps (Figure 13) showed the 435 

decrease of multiples of uniform distribution (MUD) value of [001] grains from 1 to nearly 436 

0.17 and the MUD values of [101] and [111] grains remained nearly constant at 0.17 and 1 437 

respectively during uniaxial strain path. In subsequent stages of strain path transition and 438 

biaxial strain path, the MUD values of [001], [101] and [111] grains were remained same. 439 

Hence, strain path transition kept the MUD value of the grains unchanged while the MUD 440 

values of those grains changed in the initial uniaxial deformation stage. 441 

 442 
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 443 

Figure 13: On the left: EBSD mappings, in the middle: SEM images and on the right: inverse 444 

pole figure (IPF) X mapping of the centre of the DP600 specimen at (a) uniaxial start, (b) 445 

uniaxial end, (c) biaxial start and (d) biaxial end during continuous strain path change. 446 
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This novel mechanism was able to reveal, for the first time, how a strain path transition 447 

affects the rotation of grains. In the two materials studied here, the strain path change 448 

promoted the rotation of some grains while it hindered the rotation of other grains depending 449 

on the crystallographic orientation of the grains. In future, a detailed comparison on grain 450 

rotation with the help of microstructure and texture evolution in between continuous and 451 

discontinuous strain path change may give some insights regarding how the grains are 452 

rotating during the continuous strain path transitions that take place in the draw stage of a 453 

stamping process. In addition, tracking of other microstructural features namely Taylor 454 

factor, geometric necessary dislocation (GND) density and local misorientation may reveal 455 

the microstructural evolution in more details during continuous strain path change. 456 

5 Conclusions 457 

An experimental technique was developed to deform cruciform samples initially along a 458 

uniaxial strain path and then along a biaxial strain path continuously without unloading the 459 

sample. This was achieved with a unique sample design. The experimental technique utilised 460 

a simple biaxial stretching rig and a simple sample geometry to perform continuous strain 461 

path change. DIC analysis was performed on steel and aluminium samples and showed that 462 

the technique was able to change the strain path in both materials continuously without 463 

unloading the sample. Therefore, the novelty of the developed testing method is to achieve 464 

strain path change continuously without removing applied load from the sample in a biaxial 465 

stretching mechanism by providing slotted holes in two arms out of four arms of a cruciform 466 

test specimen. By changing the slot length, the point of strain path transition can be changed 467 

accordingly. As the overall set-up can be placed inside an SEM chamber, in-situ analyses can 468 

be carried out to identify microstructural changes to the material during the continuous strain 469 

path change. In particular, SEM images and EBSD data were captured in-situ during the 470 
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deformation process. The SEM images were post processed to study strain evolution in the 471 

microstructure while the EBSD data revealed the changes of texture during the deformation 472 

process. Based on the results obtained from this study, the following conclusions were drawn: 473 

 The experimental method was able to change the strain path from uniaxial to the biaxial 474 

strain path in steel and aluminium continuously, without unloading the sample. 475 

 The strain path change curve obtained from the experiments correlated well with the 476 

predicted curve from the FE model of the mechanism. 477 

 The experimental method allowed observation into the differences in the manner in 478 

which the strain path change occurs in aluminium and steel. The strain path transition 479 

for AA5182-O was a gradual transition from uniaxial to biaxial strain. On the other 480 

hand, the transition in the DP600 sample was sharp and rapid from uniaxial to biaxial 481 

strain. 482 

 The evolution of material microstructure can be observed because the loading rig can 483 

be mounted in a SEM. Initial observations showed a rotation in micro-strain banding 484 

angle in both the materials. The rotation was higher in DP600 sample. 485 

 The textural data captured during the strain path change revealed that the strain path 486 

change triggered a mechanism, which either promoted or hindered the rotation of the 487 

grains depending on their crystallographic orientations. 488 
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