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Abstract: This study examines the specimen size-dependent deformation behavior of commercially 11 
pure titanium grade 4 (cp-Ti grade 4) sheets under tension, with strain paths between uniaxial ten- 12 
sion (UT) and plane-strain tension and compares the results with cyclic bending under tension 13 
(CBT) data. Specimens of varying widths (11.7, 20, 60, 100, and 140mm) were tested in both rolling 14 
(RD) and transverse (TD) directions. The research employed digital image correlation for full-field 15 
strain measurements, finite element simulations, and fracture surface thickness data. Contrary to 16 
traditional forming concepts, i.e., the forming limit diagram (FLD) having the lowest major strain at 17 
the plane strain condition and the fracture forming limit having decreasing major strain with in- 18 
creasing (less negative) minor strain, wider specimens exhibited higher major strains at strain local- 19 
ization and fracture under UT. In contrast, CBT findings showed decreased formability with increas- 20 
ing width, i.e., closer to plane strain deformation, as expected. Strain distribution analyses revealed 21 
a transition from nearly uniform deformation in narrow specimens to multiaxial strain states in 22 
wider specimens. Thickness measurements along the fracture surface revealed a steeper profile in 23 
UT compared to CBT, indicating more localized deformation and necking in UT. In a comparison 24 
with AA6016-T4, the cp-Ti grade 4 showed greater thickness, suggesting lower susceptibility to lo- 25 
calized thinning. Strong anisotropy was observed between RD and TD, with TD specimens showing 26 
higher formability and steeper thickness gradients in UT. Strain fields along with thickness reduc- 27 
tion and adiabatic heating are used to rationalize the observed width sensitive deformation behav- 28 
ior of cp-Ti sheets. Notably, CBT improved overall formability compared to UT, due to its ability to 29 
distribute strain more evenly and delay critical necking. The contrasting trends between simple UT 30 
and CBT emphasize the relationship between loading conditions, specimen geometry, and material 31 
behavior in determining formability. These findings highlight the ability of the CBT test to create 32 
known and desired deformation effects, i.e., lower major strain at failure with increasing specimen 33 
width, and more uniform deformation, i.e., consistent thinning across the specimen width, for cp- 34 
Ti.  Given the observed effects of width in UT, the selection of the testing method is critical for cp- 35 
Ti to assure results reflect expected material behavior. 36 

1. Introduction: 37 
Commercially pure titanium (cp-Ti) has become widely popular across various sec- 38 

tors such as the aerospace, chemical processing, and medical industries due to its strength, 39 
resistance to corrosion, and biocompatibility [1–3]. As the demand for complex-shaped 40 
titanium components increases, understanding the material's formability and defor- 41 
mation behavior becomes crucial for optimizing manufacturing processes and accurately 42 
predicting forming limits, whether in terms of necking or fracture.  43 

The concept of forming limit diagrams (FLDs) for plastic instability was first intro- 44 
duced by Keeler and Goodwin in the 1960s [4, 5]. These diagrams have since become a 45 
cornerstone in sheet metal forming analysis, providing a graphical representation of the 46 
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maximum allowable strains before the onset of localized necking. The boundary between 47 
safe deformation and failure in these diagrams is depicted by the forming limit curve 48 
(FLC). Similar to the onset of necking, the fracture forming limit (FFL) of the material is 49 
also critical to understand during forming process design. See Figure 1 for a generic de- 50 
piction of FLC and FFL curves [6]. Traditionally, the characterization of sheet metal form- 51 
ability has relied heavily on FLDs and FFLs, which provide valuable insights into the max- 52 
imum strains a material can withstand under various strain paths. The standard method 53 
for determining FLCs and FFLs involves testing sheet specimens of different shapes and 54 
widths to achieve various strain states, from uniaxial tension (UT) to balanced biaxial 55 
stretching [7], with the test simply progressing from the onset of localized necking (i.e., 56 
FLC) to fracture (i.e., FFL). While the shape of an FLC has an approximate “V” shape with 57 
the apex near the plane strain condition, the FFL is typically a decreasing slope, with in- 58 
creasing minor strain from uniaxial to biaxial stretching [6, 8, 9]. Testing methods assume 59 
that the FLC and FFL are intrinsic material properties, independent of the loading path 60 
and specimen geometry [10].  61 

However, studies have highlighted the limitations of conventional FLCs, particularly 62 
their sensitivity to strain path changes and specimen geometry [11, 12]. Research has 63 
shown that the FLC can be influenced by factors such as sheet thickness, grain size, and 64 
specimen width [13–17]. (While not also investigated, FFLs would presumably show sim- 65 
ilar dependencies.) The effect of specimen width on formability is particularly significant, 66 
as it directly impacts the stress state and strain distribution during deformation. The ad- 67 
vent of advanced measurement techniques, such as digital image correlation (DIC), has 68 
allowed for more detailed analysis of strain fields during deformation. These techniques 69 
have revealed that the assumption of a uniform strain state across the width of a specimen 70 
may not always hold, particularly for wider specimens [18, 19].  71 

The importance of sheet width in formability studies was recognized as early as the 72 
1970s, with researchers noting that wider specimens tended to exhibit higher limit strains 73 
on the positive minor strain side of the FLD [20]. This observation led to the development 74 
of various specimen geometries for FLC determination, including the Nakajima and 75 
Marciniak tests, each abempting to capture a range of strain states by varying the speci- 76 
men width [21, 22]. More recent investigations have focused on the size-dependent nature 77 
of plastic deformation in sheet metals, which have shown that as the specimen width in- 78 
creases, there is a transition from a predominantly uniaxial stress state to a more complex, 79 
multiaxial stress state near the center of the specimen [23-28]. This transition can signifi- 80 
cantly affect the strain distribution and localization behavior, influencing the material's 81 
forming limits.  82 

The relationship between sheet thickness reduction and specimen width during load- 83 
ing is also an important aspect of formability analyses. As specimen width increases, the 84 
deformation mode transitions from UT towards plane strain conditions, significantly af- 85 
fecting the thickness reduction behavior. Tardif and Kyriakides observed that wider spec- 86 
imens tend to exhibit more uniform thickness reduction across their central region, while 87 
narrower specimens show more localized thinning [24]. This phenomenon is abributed to 88 
the constraint effect imposed by the increased width, which inhibits lateral contraction. 89 
Consequently, as noted by [29, 30], the forming limit strains in wider specimens are often 90 
higher than those in narrower ones, partly due to this more distributed thickness reduc- 91 
tion. Furthermore, Xu et al. [17] demonstrated that the rate of thickness reduction varies 92 
non-linearly with specimen width, with a critical width beyond which the deformation at 93 
the center of the specimen approaches plane strain conditions. In this state, the strain in 94 
the width direction (minor strain) becomes negligible, and deformation primarily occurs 95 
through thickness reduction and elongation in the loading direction. This width-depend- 96 
ent thickness reduction behavior has significant implications for forming limit predic- 97 
tions, as it influences the strain paths and stress states experienced by the material during 98 
deformation. 99 
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Previous research on cyclic bending under tension of cp-Ti sheets [31] revealed in- 100 
sights into the width-dependent behavior of titanium under combined bending and ten- 101 
sile loading conditions. In that study, it was observed that the elongation-to-fracture in 102 
CBT decreased significantly as specimen width increased. This trend was abributed to a 103 
shift in the strain path from UT in narrow specimens towards plane-strain conditions in 104 
wider specimens. Notably, while CBT improved formability across all widths compared 105 
to simple tension, the magnitude of this improvement diminished with increasing speci- 106 
men width. DIC and finite element simulations of the CBT process indicated that wider 107 
specimens experienced reduced width strains and increased thinning strains, mirroring 108 
trends observed in forming limit curves. These findings highlighted the effects of cyclic 109 
deformation and specimen geometry on cp-Ti. Building upon these CBT results, the pre- 110 
sent study, on simple tension across various specimen widths, aims to isolate and quantify 111 
the geometric effects on deformation behavior, without the added complexity of cyclic 112 
loading, and then compares the UT and CBT findings. 113 

In this study, experimental work (with DIC techniques for high-resolution strain 114 
analysis) and numerical simulations (using Abaqus finite element software) are employed 115 
to explain the relationship between specimen geometry and material response under 116 
monotonic UT loading, as well as CBT processing, and its influence on formability. The 117 
study examines how specimen width affects key properties, i.e., tensile strength and en- 118 
gineering strain at failure, as well as how width influences strain paths and localization 119 
paberns. For FLCs, the CBT tests on cp-Ti and the UT tests on AA6016 both demonstrate 120 
the expected decreasing strain trend with increasing width for specimen sizes of 11.7, 20, 121 
and 60mm.  But UT of cp-Ti does not, as well as UT for 100 and 140mm specimen widths 122 
for either material. In contrast, for FFL, the CBT tests on cp-Ti show the expected decreas- 123 
ing strain trend with increasing widths for all width specimens. However, for both cp-Ti 124 
and AA6016, UT testing shows increasing strain at fracture with increasing width, which 125 
is contrary to known material behavior. This decreasing engineering strain trend with in- 126 
creasing width at fracture demonstrates a benefit to the CBT testing method, in particular 127 
for cp-Ti, including achieving more uniform deformation, i.e., consistent thinning, across 128 
the specimen width.  129 

The subsequent sections present the detailed experimental methodology (including 130 
DIC strain analysis), numerical simulation procedures using Abaqus, analyses of results, 131 
and discussion of the implications for forming limit predictions, both onset of necking and 132 
fracture. The findings of this study, including the ability of the CBT test to produce lower 133 
major strain at failure with increasing specimen width and consistent thinning across the 134 
specimen width for cp-Ti, have significant implications for the sheet metal forming indus- 135 
try, particularly in the context of titanium processing by demonstrating the importance of 136 
considering specimen geometry and testing method in formability assessments. 137 

 138 
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Figure 1. Schematic representation of the principal strain space showing the forming limit curve 139 
(FLC), the fracture forming limit (FFL), and an idealized strain path with arrows obtained in a sheet 140 
metal formability test utilized for determining these limit curves [6]. 141 

2. Materials and Methods 142 
2.1. Material 143 

The study was conducted on 1mm-thick cp-Ti grade 4 sheets, which was the focus of 144 
this work, as well as 1mm-thick AA6016-T4 sheets, which are presented for comparison 145 
purposes as the microstructural deformation mechanisms between these two materials is 146 
considerably different. The chemical composition of the cp-Ti is provided in Table 1. The 147 
strength and ductility properties of the as-received material were previously character- 148 
ized by Oishi et al., 2024 [31] in the rolling direction (RD) and transverse direction (TD). 149 
The mechanical properties of the cp-Ti material from standard ASTM E8 UT testing are 150 
summarized in Table 2 and shown in Figure 2. The data illustrates the anisotropic behav- 151 
ior of the cp-Ti grade 4 sheet, with notable differences in mechanical properties between 152 
the two tested directions. The TD shows the highest yield and ultimate tensile strengths. 153 
The initial microstructure of the cp-Ti sheets, characterized by EBSD analysis and shown 154 
in Appendix A [32,33]. Chemical composition and basic properties of AA6016-T4 can be 155 
found in [31]. 156 

Table 1. Chemical composition of 1 mm thick cp-Ti grade 4 sheets (wt.%) [31]. 157 

C Fe H N O Ti 
0.005 0.19 0.0006 0.004 0.25 Balance 

Table 2. Mechanical properties of cp-Ti grade 4 sheet in different testing directions. 158 

Direction Young's Mod-
ulus (GPa) 

Yield 
Strength 
(MPa) 

Ultimate Ten-
sile Strength 
(MPa) 

Engineering 
Strain at UTS 

Engineering 
Strain at Fail-

ure 
RD 109 574 696 0.1395 0.218 
TD 118 670 725 0.1208 0.217 

 159 
Figure 2. Stress-strain curves of as-received 1 mm sheets of cp-Ti measured along the rolling (RD) 160 
and transverse (TD) directions during standard uniaxial tension under 0.001/s strain rate at room 161 
temperature. 162 
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2.2. Specimen preparation 163 
Cp-Ti and AA6016 sheets were machined into testing specimens with five different 164 

widths (11.7, 20, 60, 100, and 140mm) in both RD and TD with an abrasive water jet cubing 165 
process. The edges of the specimens were sanded smoothly to prevent premature fracture. 166 
Figure 3 illustrates the various specimen geometries, with specific dimensions listed in 167 
Table 3. The range of specimen widths was selected to investigate the size effect on defor- 168 
mation behavior and formability under UT and CBT testing. The narrowest specimen 169 
(11.7mm) represents a standard UT test geometry, while the widest specimen (140 mm) 170 
approaches a plane strain condition in the center. Tests were repeated at least twice, but 171 
in some cases only once due to the lack of material for wide specimen widths. 172 

 173 
Figure 3. Geometries of the uniaxial tension specimens for all widths; Table 3 contains the dimen- 174 
sions for each sample. 175 

Table 3. Detailed dimensions for each specimen, in mm, for dimension labels in Figure 3. 176 

Specimen  Width (W) Length (L) Gauge width (B) Radius (R) Gauge length (G) 
11.7 20 183.34 11.7 12.7 

 
 
75 

20 60 
 

274.44 

20 
 
60 

60 100 60 
100 140 100 
140 180 140 

2.3. Experimental setup 177 
The UT tests for specimens of various geometries were conducted using a 250 kN 178 

MTS Landmark 370 servo-hydraulic universal testing machine, as shown in Figure 4. The 179 
crosshead speed was set at 0.075 mm/s for all tests, which produced an initial strain rate 180 
of ~0.001/sec. Custom fabricated wide grips enabled the testing of wide sheet specimens, 181 
in addition to standard UT grips for 11.7mm specimens. To obtain full strain field meas- 182 
urements, a 2D DIC system was employed with a random black speckle pabern applied 183 
on a white background to the sample surfaces. The DIC system consisted of a 9 MP Grass- 184 
hopper3 89S6M camera and a light source for uniform illumination of the specimen sur- 185 
face. To ensure accurate correlation between load and strain data, the DIC system was 186 
synchronized with the MTS load cell throughout the test. Post-processing of the captured 187 
images was performed using VIC-2D software from Correlated Solutions® with a filter 188 
size of 15, subset of 29 pixels, and step size of 7 pixels for strain and distribution analyses.  189 
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 190 
Figure 4. Experimental set-up in MTS with DIC camera and light source for strain measurements. 191 

2.4. FE simulation setup 192 
Finite element (FE) simulations were conducted using Abaqus 2023 software to com- 193 

plement the experimental investigations and provide additional insights into the stress 194 
and strain distributions across different specimen widths. The sheets were modeled using 195 
C3D8R elements (8-node linear, reduced integration brick elements), with an isotropic 196 
plasticity material model based on the experimental UT data from both RD and TD. Four 197 
elements were used through the thickness for all specimen widths to ensure adequate res- 198 
olution of the deformation in this direction. The in-plane mesh density was varied accord- 199 
ing to the specimen width, with 8, 17, 29, 43, and 57 elements used across the width for 200 
the 11.7, 20, 60, 100, and 140mm wide specimens, respectively. Taking advantage of the 201 
symmetry in the specimen geometry and loading conditions, a half-symmetry model was 202 
employed along the specimen length as shown in Appendix B. The loading conditions in 203 
the simulations were designed to replicate the experimental setup, with one of the grip 204 
regions fixed and displacement-controlled boundary condition applied to the other grip 205 
region. The simulation was run until a significant localization of plastic strain occurred, 206 
which emulates the onset of necking.  207 

3. Results 208 
3.1. Effect of specimen width on stress-strain behavior 209 

Figure 5 presents the “apparent” engineering stress-strain curves for cp-Ti specimens 210 
of varying widths in RD and TD, as well as for AA6016 in the RD, where the strain data is 211 
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obtained using a virtual extensometer in the DIC analysis software, measuring over the 212 
gauge length in the center of the specimen. Due to the non-standard specimen geometries 213 
used in this study, particularly the varying widths, these curves represent the global re- 214 
sponse of the specimens but may not reflect the local stress-strain state at every point, 215 
especially for wider specimens where stress and strain distributions are complex. We use 216 
the term “apparent” to acknowledge that while these curves are calculated using standard 217 
engineering stress and strain definitions, they represent average measures that may not 218 
fully capture the complex stress and strain distributions, particularly in wider specimens.  219 

There is a clear trend observed, i.e., as the specimen width increases, the engineering 220 
strain at fracture increases. The yield strength and ultimate tensile strength are relatively 221 
consistent across all specimen widths in both directions of cp-Ti, indicating that the peak 222 
stress is less sensitive to the width. However, the post-necking behavior shows marked 223 
differences. Wider specimens demonstrate a more gradual decrease in stress after the peak 224 
stress, suggesting a more stable necking process and more gradual strain localization. The 225 
cp-Ti TD samples show slightly higher yield and ultimate tensile strengths compared to 226 
the cp-Ti RD samples, consistent with the anisotropic behavior typically observed during 227 
UT performed on ASTM E8 standard specimens (Figure 2) [31]. The width effect on engi- 228 
neering strain at fracture can be abributed to several factors. Figure 6 shows the strain 229 
distribution paberns, which vary significantly with specimen width. In narrower speci- 230 
mens (11.7mm and 20mm), the strain distribution is nearly uniform across the width (alt- 231 
hough slight strain concentrations along the length of the specimen are evident for the cp- 232 
Ti TD and AA6016 specimens, even for the 11.7mm width). As specimen width increases, 233 
a more complex strain distribution emerges, with the widest specimens (100mm and 234 
140mm) showing a distinct gradient from the center to the edges. The strain localization, 235 
which leads to fracture, occurs over a larger area in wider specimens, contributing to their 236 
higher overall strain capacity and integrity before fracture. Similarly, as specimen width 237 
increases, there is a gradual transition from a uniaxial stress state to a more complex stress 238 
state across the width of the specimen. The ability of the wider sheets to accumulate the 239 
strain/stress gradient is beneficial. This gradient transition from the middle of the sheet 240 
specimen to the surrounding material delays the onset of necking and increases the overall 241 
engineering strain at failure. These effects will be discussed further in later sections.  242 

 243 
Figure 5. “Apparent” engineering stress-strain curves of uniaxial tension of cp-Ti grade 4 RD, cp-Ti 244 
grade TD, and AA6016-T4 RD, at strain rate of ~0.001 /sec. 245 
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 248 

 249 
Figure 6. DIC strain contour plots at peak stress and just before fracture across different widths for 250 
(a) cp-Ti grade 4 RD, (b) cp-Ti grade 4 TD, and (c) AA6016-T4 RD, as well as (d) comparison between 251 
cp-Ti grade 4 RD experiments and simulations at peak stress. 252 

3.2. Effect of specimen width on strain paths to fracture 253 
The strain paths to failure are presented in Figure 7a for cp-Ti in RD and TD, as well 254 

as for AA6016 in RD for comparison. As the width increases from 11.7mm to 140mm, the 255 
strain paths become steeper, indicating a shift towards plane strain conditions. The TD 256 
samples demonstrated higher major strains at fracture compared to the RD samples, con- 257 
sistent with the higher engineering strain at failure observed in the stress-strain curves.  258 
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The AA6016 shows a similar trend in strain path evolution with width, but with lower 259 
overall strain values and paths closer to plane strain.  260 

Figure 7b shows the strain path for cp-Ti RD under both UT and CBT loading. Similar 261 
trends are observed, except for the 140mm wide CBT test, which was due to difficulties 262 
with this size specimen in the experimental setup [31]. While CBT testing produced lower 263 
local strain values at fracture, more uniform deformation, with respect to width and along 264 
the gauge length, was achieved, as will be shown later by thickness measurements. Note 265 
that the goal in both UT and CBT tests was to achieve a condition closer to plane strain 266 
with wider specimens, but the heterogeneous deformation shown in Figure 6 and [31] 267 
prevented a truly plane strain condition from occurring. 268 

 269 
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 270 
Figure 7. Strain paths to failure for all specimen widths of (a) cp-Ti grade 4 RD, cp-Ti grade TD, and 271 
AA6016-T4 RD under UT and (b) cp-Ti grade 4 RD under UT and CBT loading. 272 

The relationship between nominal specimen width and engineering strain at fracture 273 
for cp-Ti in RD and TD, as well as AA6016 in RD, is shown in Figure 8. For all materials 274 
and directions, there is a general trend of increasing strain at fracture with increasing 275 
specimen width. Also plobed in Figure 8 is the engineering strain at fracture for CBT ex- 276 
periments of cp-Ti RD [31], which shows decreasing engineering strain with increasing 277 
width. This is consistent with the FFL, where a decreasing strain with increasing minor 278 
strain is expected. Also, note that despite this decreasing trend, CBT strains remain higher 279 
than those in UT across all widths, since the CBT process enhances the material formabil- 280 
ity. The trend of increasing strain at fracture with increasing specimen width for both cp- 281 
Ti and AA6016 UT in RD is most pronounced up to the 100mm width, after which it ap- 282 
pears to plateau, or slightly increase in the case of cp-Ti TD. Higher engineering strains at 283 
fracture are exhibited in TD compared to RD across all widths, with the difference becom- 284 
ing more pronounced for wider specimens. Note that the difference in the CBT strain val- 285 
ues at fracture between Figure 7b (i.e., the end of the strain path curves) and Figure 8 is 286 
the DIC method used to obtain the data, i.e., a digital extensometer along the gauge length 287 
and a DIC strain point at the fracture location, respectively.   288 
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 289 
Figure 8. Effect of specimen width on engineering strain at fracture for cp-Ti grade 4 in UT RD and 290 
TD, as well as CBT RD, and AA6016-T4 RD. 291 

Figure 9 presents the limit strain states at the peak stresses, i.e., necking, for cp-Ti in 292 
RD and TD, as well as AA6016 RD, comparing experimental results with finite element 293 
simulations for the cp-Ti cases. Both RD and TD for cp-Ti show an increasing trend in 294 
major limit strain with specimen width. (See the red oval, arrow, and text in Figure 9b.) 295 
The increase is more pronounced for widths above 60mm. As previously noted, TD con- 296 
sistently exhibits higher major limit strains than RD. Minor limit strains show a decreasing 297 
trend with increasing width for both RD and TD, although not all data follows this behav- 298 
ior due to the variability of strains at the peak stresses, e.g., 100 mm and 140 mm data for 299 
cp-Ti. The rate of change in major and minor limit strain with width is more evident in 300 
cp-Ti TD compared to cp-Ti RD, as there is a greater spread in the data points. FEA pre- 301 
dictions for cp-Ti show the expected pabern clearly. From Figure 9d, which compares the 302 
three cases in the same plot, AA6016 has the highest strain value at the peak stress. How- 303 
ever, as shown in Figure 8, the strain at fracture is lowest for AA6016. This further high- 304 
lights the greater post-localization deformation achieved in cp-Ti compared to AA6016.  305 

Note that this increasing major limit strain and decreasing minor limit strain with 306 
increasing specimen width for cp-Ti is opposite to the trend predicted in FLD or FFL tests 307 
in past literature, both experimental and analytical modeling, e.g., with the M-K analysis. 308 
For AA6016, the expected FLD trend is obtained for 11.7, 20, and 60mm specimen widths 309 
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with decreasing major strain and increasing (less negative) minor strain as expected. (See 310 
the green oval, arrow, and text in Figure 9c.) However, the significant heterogeneous de- 311 
formation pabern for 100 and 140mm width specimens prevent these trends from contin- 312 
uing to hold as the strain path shifts closer to a plane strain condition. This reinforces the 313 
importance of considering specimen geometry in formability assessments.  314 

The strain ratios, which for a standard UT specimen geometry is referred to as the r 315 
(Lankford) coefficient (but is not the appropriate terminology here due to the varying UT 316 
geometries), were computed using: 317 

𝑟 =
𝜀!
"

𝜀#
" 																																																																																																																																																									𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	(1) 318 

where 𝜀#
" is the logarithmic thickness strain computed from the major logarithmic 319 

strain 𝜀$
"  (along the loading direction) and 𝜀!

" , which is the minor logarithmic strain 320 
(along the transverse direction) considering volume conservation, i.e., 𝜀#

" = −𝜀$
" − 𝜀!

". Cp- 321 
Ti shows pronounced anisotropy, with notably higher strain ratios in TD compared to RD 322 
(Table 4). The TD exhibits a general trend of decreasing strain ratios as specimen width 323 
increases, particularly for wider samples, i.e., > 60mm. In contrast, RD displays a non- 324 
uniform pabern, with strain ratios fluctuating across different widths and reaching a peak 325 
at intermediate widths, although still decreasing for widths > 60mm. AA6016, on the other 326 
hand, demonstrates consistently lower strain ratios than cp-Ti, with a clear decline as the 327 
specimen width increases. These paberns indicate a shift in deformation modes with 328 
changing specimen geometry. The stark contrasts between cp-Ti and AA6016, as well as 329 
between RD and TD of cp-Ti, emphasize that these width-size effects are material specific. 330 

Table 4. Strain ratio values for all specimen widths. 331 

Specimen width (mm) cp-Ti grade 4 RD cp-Ti grade 4 TD AA6016-T4 
11.7 1.31 2.47 0.83 

20 1.26 2.55 0.73 
60 1.41 2.42 0.64 

100 1.31 2.04 0.57 
140 0.94 1.52 0.49 
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 332 
Figure 9. Limit strains at peak engineering stress values, i.e., necking, for all specimen widths of (a) 333 
cp-Ti grade 4 RD (b) cp-Ti grade TD, and (c) AA6016-T4 RD (d) major and minor limit strains at 334 
center of specimens for all materials and direction. 335 

3.3. Fracture surface thickness  336 
The fracture surface thickness profiles, measured with a micrometer, for cp-Ti in RD 337 

and TD, as well as cp-Ti RD CBT and AA6016 in RD, are shown across the width of the 338 
post-fracture specimens in Figures 10a – c. The 11.7mm and 20mm width specimens 339 
showed a typical fracture pabern with the failure occurring at an oblique angle to the 340 
loading direction (Figure 6 for DIC contour plots and pictures of fractured specimens in 341 
Appendix C). As the localization and subsequent propagation of the fracture occurs from 342 
the center of the specimen, the 11.7mm and 20mm cp-Ti specimens, as well as the 11.7mm 343 
AA6016 specimen, exhibited a sharp, “V-shaped” thickness profile, with the lowest thick- 344 
ness value occurring at the center of the specimen. The ≥ 60mm width cp-Ti UT specimens, 345 
which exhibited a fracture that was perpendicular to the loading direction and included 346 
the characteristic cup-and-cone fracture profile, exhibited a similar “V”-shaped thickness 347 
profile, though less steep. Note that for all AA6016 specimens, the fracture occurred at an 348 
oblique angle to the loading direction (again Figure 6 and Appendix C), which demon- 349 
strates material differences with respect to specimen width.  350 

There is an observable difference between the thickness profiles of cp-Ti CBT (Figure 351 
10d) and UT (Figures 10a and b) specimens. The cp-Ti UT samples ≥ 60mm (Figures 10a 352 
and b) exhibit notably steeper thickness gradients across the fracture surface compared to 353 
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CBT samples. The steeper gradients in UT indicate more localized deformation and neck- 354 
ing compared to CBT, which is abributed to the fundamental differences in loading con- 355 
ditions. UT induces a stress state that promotes concentrated strain localization, leading 356 
to pronounced necking and consequently steeper thickness gradients. In contrast, CBT 357 
distributes strain more evenly across the specimen width due to the cyclic, incremental 358 
loading. This results in less severe thickness variations and provides a delay in the onset 359 
of critical necking, providing a good explanation for the higher overall elongation typi- 360 
cally observed in CBT compared to UT, as reported in previous studies [35–37]. Within 361 
cp-Ti UT results, TD specimens (Figure 10b) display steeper gradients than RD specimens 362 
for the narrower specimen widths (i.e., ≤ 60mm). Additionally, cp-Ti TD exhibited thick- 363 
ness values in the center of the specimen that decreased with increasing width, while RD 364 
specimens had the same thickness in the center, where fracture initiated for all specimen 365 
widths (Figure 10a). This anisotropic behavior is consistent with the higher formability, 366 
i.e., post necking deformation, observed in TD. 367 

Cp-Ti exhibits more significant thickness variations than AA6016 in both UT and 368 
CBT, indicating a greater susceptibility to localized deformation for cp-Ti. AA6016 (Figure 369 
10c) demonstrates more uniform thickness profiles across all specimen widths, which 370 
shows a more homogeneous deformation process and less sensitivity to localized necking 371 
compared to cp-Ti. The higher r-value of cp-Ti promotes greater lateral contraction prior 372 
to failure, whereas AA6016, with its lower r-value, experiences less lateral contraction and 373 
more pronounced thinning. CBT processing allows cp-Ti to deform more like AA6016 un- 374 
der UT loading, which provides known and desired material behavior, i.e., lower major 375 
strain with increasing specimen width from the more uniform deformation (Figures 8 and 376 
9c). 377 
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 378 
Figure 10. Fracture surface thickness variation across different widths for (a) cp-Ti grade 4 RD (b) 379 
cp-Ti grade 4 TD, (c) AA6016-T4 RD, and (d) cp-Ti grade 4 RD CBT. 380 

4. Discussions 381 
The results presented in this study reveal a significant influence of specimen width 382 

on the deformation behavior of cp-Ti grade 4 sheets. Contrary to traditional FLD tenets, 383 
wider specimens exhibited higher limit strains at peak stress and increased engineering 384 
strain at failure. This trend was observed in both RD and TD, with TD specimens consist- 385 
ently showing higher formability, i.e., more post necking deformation. The “apparent” 386 
engineering stress-strain curves demonstrate that as specimen width increases from 387 
11.7mm to 140mm, the engineering strain at fracture increases substantially. This behavior 388 
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challenges conventional understanding, where wider specimens exhibit more plane-strain 389 
behavior with potentially lower engineering strain at necking, which here is assessed us- 390 
ing the peak stress value (Figure 9). The strain distribution analysis provides insights into 391 
this unexpected behavior. Narrow specimens (11.7mm and 20mm) showed relatively uni- 392 
form strain distribution along their gauge length. As width increased, a more complex 393 
strain pabern emerged, with wider specimens (100mm and 140mm) displaying a distinct 394 
strain concentration in the center of the specimen. This evolution suggests a transition 395 
from a nearly uniaxial stress state in narrow specimens to a more complex, multiaxial 396 
stress state in wider specimens. The gradual development of these heterogeneous strain 397 
paberns in wider specimens appears to delay the onset of critical localization that leads to 398 
failure, whether that be necking or fracture. This is evident in the thinning strain rates in 399 
the center of the specimen (Figure 11). As the specimen width increases, the strain at which 400 
localization occurs increases. That is, the rate of thinning in the center of the specimen is 401 
moderated by the supporting material on either side, where thinning progresses at a 402 
slower rate, which ultimately delays necking and failure compared to narrow specimens 403 
that tend to exhibit more homogenous strain paberns across their width, as seen in Figure 404 
6. Furthermore, cp-Ti 20 and 60mm TD specimens show increases in the thinning strain 405 
rate early in the process (see red circles in Figure 11b) that are shifted back though to a 406 
lower strain rate to achieve the expected pabern of higher strains at localization, i.e., in- 407 
creasing strain rate, for wider specimens.   408 

 409 
Figure 11. Evolution of center specimen thinning strain rate versus engineering strain for (a) cp-Ti 410 
grade 4 RD, (b) cp-Ti grade 4 TD, and (c) AA6016 RD with varying specimen widths from 11.7 mm 411 
to 140 mm. 412 

The relationship between stress triaxiality and equivalent plastic strain, extracted 413 
from cp-Ti grade 4 RD FE simulations at two distinct positions (center-Position 1, midway- 414 
Position 2) across specimen widths is shown in Figure 12. The stress triaxiality evolves 415 
from near uniaxial tension values in narrow specimens (11.7mm, 20mm), i.e., ~0.33, to- 416 
wards higher values in wider specimens (100mm, 140mm), particularly at the specimen 417 
center, although not achieving the theoretical plane strain value of ~0.57. This transition 418 
in stress state is accompanied by an increase in equivalent plastic strain with specimen 419 
width, providing insight into the observed increase in strain at UTS for wider specimens. 420 
The difference in stress triaxiality between center and midway positions becomes more 421 
pronounced with increasing specimen width, indicating the development of more com- 422 
plex stress states in wider specimens. This heterogeneity in stress state contributes to the 423 
higher strains achieved in wider specimens.  424 

 425 
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 426 
Figure 12. Stress triaxiality with equivalent plastic strain at peak stress (UTS) at two positions across 427 
specimen widths for cp-Ti grade 4 RD 428 

 These results present an intriguing challenge to traditional FLD and FFL concepts. 429 
Conventionally, FLC and FFL curves predict that as the strain state approaches plane 430 
strain, the forming limit typically reaches a minimum, i.e., lower major strain. However, 431 
these observations reveal a contrasting behavior, i.e., as the specimen width increases and 432 
the strain state shifts slightly away from UT and towards plane strain, the major and minor 433 
strains at peak stress increase and decrease, respectively (Figure 9). This trend is consist- 434 
ently observed in both RD and TD, suggesting it is a fundamental characteristic of the 435 
material and geometry rather than an isolated anomaly. This same trend is not seen in 436 
AA6016 for specimen widths ≤ 60mm, with specimen geometry effects causing the 100 437 
and 140mm specimens not to follow the expected trend. This apparent deviation of cp-Ti 438 
from the traditional FLC and FFL behavior has been abributed to several factors as dis- 439 
cussed earlier. 440 

In addition to the UT tests of specimen geometries in Figure 3, a scaled plane strain 441 
test based on a custom design specimen from [38] was conducted using the specimen ge- 442 
ometry shown in Figure 13a. This specimen, with a gauge width of 100mm, features a 443 
much shorter central gauge section, designed to induce a near plane strain condition. The 444 
strain path results for this 100mm scaled plane strain specimen are compared with those 445 
of the 100mm UT specimen in Figure 13b. The near plane strain specimen exhibits a linear 446 
strain path much closer to the vertical axis, compared to the UT specimen. The maximum 447 
major strain achieved in the near plane strain condition is lower than that in UT, which is 448 
consistent with traditional forming limit concepts.  449 
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 450 
Figure 13. (a) Schematic of the near plane strain specimen geometry and (b) comparison of strain 451 
paths between 100mm wide near plane strain and uniaxial tension results for cp-Ti RD. 452 

The current findings on UT complement and extend previous work on CBT of cp-Ti 453 
sheets [31]. In both studies, a significant influence of specimen width on deformation be- 454 
havior was observed. The CBT study revealed decreasing elongation-to-fracture with in- 455 
creasing width, while the current study shows increasing strain at fracture, as well as peak 456 
stress, with width for UT testing. This apparent discrepancy can be reconciled by consid- 457 
ering the different deformation mechanisms at play. In CBT, the cyclic nature of the load- 458 
ing introduces additional complexities, such as strain reversals and texture evolution [39], 459 
which may be more sensitive to width effects. In UT, the absence of cyclic loading allows 460 
for a clearer observation of the intrinsic material response to width-dependent stress 461 
states. The combined insights from both studies suggest that the formability of cp-Ti is 462 
highly dependent on both the loading path and the specimen geometry. 463 

Finally, the effect of temperature as a possible factor to the behavior of wider cp-Ti 464 
sheets was investigated. Recent studies have shown the importance of considering tem- 465 
perature evolution during deformation, with Renault et al. [40] demonstrating through 466 
thermo-mechanical simulations how local temperature changes can significantly affect de- 467 
formation behavior, albeit in different material systems. The temperature evolution dur- 468 
ing testing was monitored for cp-Ti grade 4 TD specimens for both narrow (11.7mm) and 469 
wide (100mm) samples (Figure 14). Both specimen widths show a temperature increase 470 
during deformation, with the 140mm specimen showing a higher temperature due to 471 
higher thermal mass of the larger specimen geometry. For the 11.7mm specimen, the tem- 472 
perature rises to about 44°C and plateaus at higher strains. The 100mm specimen shows a 473 
continuous temperature increase up to approximately 49°C. The thermal images reveal 474 
localized heating paberns, where the narrow specimen shows a concentrated heat zone 475 
along its width and length, while the wide specimen displays a more diffuse, central heat 476 
concentration, which is consistent with the higher strain in this region. However, the max- 477 
imum temperature rise (approximately 25°C above ambient) is not expected to signifi- 478 
cantly alter the mechanical properties of cp-Ti grade 4 during the test duration. Therefore, 479 
these temperature effects are not considered to substantially impact the main findings of 480 
the study. Nevertheless, thermally activated dislocation motion can be aided with slight 481 
increases in temperature [41].  482 
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 483 
Figure 14. Temperature evolution versus engineering strain for cp-Ti grade 4 TD specimens of 11.7 484 
and 100mm widths, with inset thermal images showing heat distribution paberns at the final frame 485 
prior to fracture. 486 

5. Conclusions and Future Work  487 
Commercially pure Titanium (cp-Ti) grade 4 is a material of interest in, e.g., aero- 488 

space, chemical processing, and biomedical applications. Therefore, accurate material 489 
characterization is required. This research reveals unexpected behavior in cp-Ti samples 490 
as specimen width increases. Typically, moving from uniaxial tension towards plane 491 
strain conditions (by increasing specimen width) should result in decreased major strain 492 
at localization (assessed at peak stress values) and fracture. However, cp-Ti UT samples 493 
do not follow this expected trend. The deviation from expected behavior appears to be 494 
due to the development of heterogeneous strain fields in wider specimens. In contrast, by 495 
using CBT processing, cp-Ti grade 4 exhibits behavior more consistent with traditional 496 
forming limit concepts, both FLD and FFL, i.e., decreased major strain and increased (less 497 
negative) minor strain, with increasing specimen width. This contrast between UT and 498 
CBT results highlights the significant impact of loading conditions on material behavior, 499 
which was also demonstrated by conducting experiments on AA6016-T4 as well, which 500 
demonstrated expected FLC behavior for specimen widths ≤ 60mm. The behavior of the 501 
AA6016 is explained by its low r-value and tendency to exhibit greater thinning and less 502 
lateral contraction for wider specimen geometries, leading to early failure for more plane- 503 
strain conditions. In contrast, the high r-value cp-Ti material resists the plane strain con- 504 
dition, even for the widest specimen, and instead exhibits a gradient of thinning strain 505 
across its width, with greater magnitudes in the center of the specimen and much lower 506 
ones on either side.  The gradient of strain delays localization in the specimen center, as 507 
previously discussed, and results in the surprising outcome of greater elongation in sim- 508 
ple tension than was observed in narrower specimens  Thus,  the CBT test's ability to 509 
create more uniform deformation across even the wide CP-Ti specimens, as evidenced by 510 
consistent thinning across the specimen width for cp-Ti,  produces more predictable 511 
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formability, with respect to conventional FLD and FFL results where conditions closer to 512 
plane-strain exhibit lower formability. 513 

These findings open several avenues for future research and have important practical 514 
implications. While the current study focuses on deformation behavior and formability 515 
comparisons between UT and CBT, future investigations could benefit from analyzing 516 
various fracture criteria, such as Cockcroft-Latham and Rice-Tracy, to beber understand 517 
the failure mechanisms. These criteria could provide additional insights into how stress 518 
triaxiality and loading path influence fracture behavior across different specimen widths. 519 
Such analysis might help explain the observed differences in failure modes between nar- 520 
row and wide specimens and potentially offer new perspectives on the relationship be- 521 
tween specimen geometry and fracture characteristics in cp-Ti grade 4 sheets. In addition, 522 
further studies on the evolution of microstructure and texture during deformation of spec- 523 
imens with different widths could provide deeper insights into the underlying mecha- 524 
nisms responsible for the observed size effects. From a practical standpoint, the enhanced 525 
formability observed in wider specimens suggests potential benefits in designing forming 526 
processes that leverage these geometry effects. 527 
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Appendix A: Initial Microstructure and Texture Analysis of cp-Ti grade 4 sheet. 543 

Figure A1 illustrates the inverse pole figure (IPF) map showing the undeformed grain structure in the sheets of CP-Ti 544 
grade 4. The colors in the IPF triangle represent the orientation of the TD sheet axis relative to the frame of individual 545 
grains per map [32,33]. This reveals the equiaxed grain structure of the as-received material. Figure A2 illustrates the 546 
stereographic pole figures showing texture in the undeformed sheets of cp-Ti (grade 4) [32,33]. The pole figures indicate 547 
a typical rolled and annealed texture for cp-Ti, with basal poles tilted away from the normal direction toward the TD, 548 
which helps explain the observed anisotropic behavior and higher formability in the TD noted in our study. 549 
 550 
 551 
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 552 

Figure A1. Inverse pole figure (IPF) map of undeformed grain structure in cp-Ti grade 4 sheets [32,33]. 553 
 554 

 555 
Figure A2. Stereographic pole figures showing texture in undeformed cp-Ti grade 4 sheets [32,33]. 556 

 557 

Appendix B: Finite element model setup 558 

 559 
Figure B1 illustrates the finite element model setup used for simulating the UT tests with varying widths. The model 560 
leverages half symmetry, with appropriate symmetry boundary conditions applied along the longitudinal centerline, 561 
to reduce computational cost while maintaining accuracy.  562 
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 563 
Figure B1. FE meshes for one half of the 11.7mm and 140mm specimens consisting of C3D8R elements along with the 564 
boundary conditions constructed in Abaqus for simulating the uniaxial tensile tests.  565 

Appendix C: Fractured specimen  566 

Figures C1, C2, and C3 present the post-test fractured specimens for cp-Ti RD, cp-Ti TD, and AA6016 RD, respectively. 567 
These images provide valuable insights into the deformation and fracture behavior of the materials across different 568 
specimen widths. 569 

 570 

Figure C1. Photograph of cp-Ti grade 4 RD fractured specimens for all widths 571 
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 572 
Figure C2. Photograph of cp-Ti grade 4 TD fractured specimens for all widths 573 

 574 

Figure C3. Photograph of AA6016-T4 RD fractured specimens for all widths 575 
 576 
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