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Abstract

Continuous bending under tension (CBT) has been shown to increase room temperature
elongation-to-failure in various sheet metals beyond that of simple tension. A greater
understanding of deformation mechanisms in CBT would allow for its elongation-enhancing
effects to be more fully exploited, creating potential for new forming strategies. CBT-induced
cyclic bending/unbending stresses combined with applied macroscopic tensile stresses create
complex through-thickness stress profiles, where differing hardening behavior is expected near the
surfaces compared with the middle of the sheet. This work uses high resolution electron
backscatter diffraction characterization of geometrically necessary dislocation density together
with X-ray diffraction-based evaluations of total dislocation density and in-plane digital image
correlation to provide an in-depth analysis of through-thickness dislocation development and
associated hardening rates throughout the CBT process in CP-Ti Grade 4 sheet metal. It was found
that dislocation density is relatively uniform across the sheet at lower cycles, increases in the sheet
center at higher cycles, and eventually approaches saturation near failure. Namely, dislocation
accumulation occurs more slowly in the ratcheting, bending/unbending portions of the sheet (i.e.,
near the surfaces) from cyclic load reversals, and develops faster in the central tensile portion,
where dislocation density up to 1.43x higher than near the surfaces was observed. High dislocation
densities in the sheet center were found to precede significant central void accumulation,
concentrating damage away from peak surface stresses, presumably contributing to delayed
failure.

Keywords: dislocation density; elongation to failure; strain hardening; cyclic bending under
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1. Introduction

Cyclic bending under tension (CBT) is a sheet metal forming test/process that has been shown to
increase room temperature (RT) elongation to failure (ETF) of various metals beyond that of
uniaxial simple tension (ST) [1, 2]. Examples of remarkable improvements in RT ETF over ST
using CBT include: 5x, 4.5x, 3.7x, 2.5-3x, 1.5x, and 1.2-1.4x ETF in DP [3], Q&P, and TBF [4]
1180 steels, CP-Ti Grade 4 [5, 6], AA6022-T4 [2], and Mg alloys [7, 8], respectively, where the
best material candidates for CBT are those that exhibit large necking in ST and relatively low
hardening rates [5]. The process involves imposing a constant tensile strain rate on a given sheet
while simultaneously bending it cyclically through a set of rollers (Figure 1) [9]. In CBT, strain
localization (i.e., necking) is delayed as the sheet experiences incremental elongation about a
moving deformation zone (i.e., continuous, spatially changing localized deformation) as opposed
to uniform elongation through the gauge length [10, 11]. The greatest amount of plastic
deformation occurs in the presence of combined macroscopic tensile stress and tensile stress
from bending, where the bent area (i.e., deformation zone) changes incrementally with the
passing rollers and preferentially experiences positive axial plastic strain [6, 10, 12]. This
phenomenon occurs in conjunction with constant shifts in the location of the neutral axis,
creating ratcheting (alternating) tensile and compressive bending/unbending regions toward the
surfaces of the sheet as well as mainly pure (fluctuating) tension in the middle of the sheet
(Figure 2) [4, 10, 13, 14].
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Figure 1. CBT process schematic including relevant process parameters (8 is bend depth). For the current test
apparatus, bottom roller separation distance L is fixed at 54mm and roller diameter D at 25.4mm, with 6 and v
variable. This image is from reference [5], used with permission.
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Figure 2. Axial stresses exhibited during the first CBT pass (0.5 cycles) for 4 of a line of 8 nodes within the 3x
region. Contributions to elastic or plastic deformation of the 1%, 2™, and 3™ rollers moving at relative velocity V: are
shown. Dramatic shifts between tension and compression near the surfaces and only tensile stresses in the sheet
center are apparent. This figure assumes tensile-compressive yield stress symmetry.

In recent work, a test machine has been developed that grips a sheet metal sample,
keeping it fixed at one end, bends it through three equally spaced rollers, and applies a constant
tensile strain rate with a hydraulic cylinder on the opposite end [3]. The rollers are stationary in
the axial direction but are allowed to spin freely. A carriage moves the specimen back and forth
through the rollers for a desired number of cycles, or until failure [2, 11]. Key regions of interest
in each specimen are distinguished by the number of rollers that the specimen passes through
during each cycle, namely 1x, 2x, and 3x regions (Figure 3), where the 3x region is the standard
CBT processing region. Key process parameters that govern material behavior and response
during CBT are the normalized bend depth, pull speed (i.e., crosshead velocity), and carriage
speed. The bend depth is the vertical displacement induced by the relative position of the middle
roller, the pull speed is the tensile displacement rate induced by the cylinder, and the carriage
speed governs the speed of the moving deformation zone. These parameters may be optimized to
maximize the ETF of a given material, and said optimization correlates with the sheet thickness

[5].
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Figure 3. Regions of interest in the CBT process, distinguished by the number of rollers that pass through them, and
initial specimen geometry of interrupted CBT specimens. This image is from reference [6].

It is of particular interest to exploit the CBT effects of enhanced ETF on HCP metals
because of their desirable mechanical properties (such as strength-to-weight ratio) but limited



ductility during forming. Doing this may help circumvent traditionally low ductility, strong
anisotropy, and limited active slip systems at RT that otherwise impede their more prevalent use
in industry [15-18]. This work focuses on commercially pure titanium (CP-Ti) Grade 4 (highest
strength, highest oxygen and iron content of Grades 1-4 [19, 20]), which serves as a promising
candidate for CBT despite its hexagonal crystal structure due to its moderate formability and
hardening, and substantial necking in uniaxial tension [5, 12]. CP-Ti Grade 4 is widely
recognized as a noteworthy material for structural aerospace applications due to its high strength-
to-weight ratio and excellent corrosion resistance. It can also be used more broadly to
manufacture high-performance, lightweight components in aerospace, automotive, marine,
energy, electronics, and health-care industries [18, 19, 21, 22]. Sheet fabrication of this metal via
forming processes such as stamping and press forming is commonly performed at higher
temperatures (i.e., superplastic forming) to facilitate greater part formability, but this can be
costly. Heat treatments aiming to achieve a satisfactory net combination of strength and ductility
also add significant cost. Using CBT to cold form CP-Ti sheets has the potential to increase the
cost-effectiveness and efficiency of producing sheet metal parts. This is facilitated by eliminating
furnace size restraints and typical surface cleaning used when hot forming, and mitigating use of
potentially intensive heat treatments. A greater understanding of the micromechanical
deformation mechanisms behind extended ETF from CBT in CP-Ti Grade 4 would provide
applicable insights for using this process on other HCP metals and the broader spectrum of
metals in general, creating potential for new forming strategies.

As was mentioned, CBT primarily enhances ETF by delaying localization (necking) via
incremental deformation underneath the rollers. Stabilizing compressive stress profiles and
relaxations of mechanical strain field fields are secondary causes of the improved elongation
[12]. Behavior and distribution of microscale defect structures and damage accumulation
contribute additional secondary effects within the microstructure, in addition to the structural
effects. Thus, elucidating the mechanisms contributing to ETF improvements using CBT begins
with determining an estimate of how much of the extra elongation is accounted for by delayed
necking. This is done by comparing the maximum strain achieved at failure in the necked region
of an ST sample with that of the failure region of a CBT sample. This assumes that the maximum
strain achieved before failure in the necked region compared to the average strain in ST is the
maximum strain achievable before failure by delaying localization. Digital image correlation
(DIC) mapping from Sharma et al. [4] on transformation induced plasticity (TRIP) steels found
that maximum strain across the 3x region in CBT was ~57%, and ~30% in the ST necked region,
indicating that delayed localization only accounted for about half of the CBT-enhanced ETF.
Previous DIC performed on the present material of this study, CP-Ti Grade 4, revealed a
maximum local strain of ~36% in the ST necked region and ~45% in the 3x region near failure
[6]. This indicates that in this material ~80% of the increase in ETF using CBT can be attributed
to delayed localization. Both studies then suggested that important secondary deformation
mechanisms explaining the ETF improvements are related to through-thickness damage
evolution from the superimposed bending/unbending and tensile deformation behavior [4, 6].
Through-thickness analysis of defect structure development illuminates the localized nature of
deformation arising from the cyclic nature of CBT. In the TRIP steel study, Sharma et al. [4]
suggested that a proportion of the extended ETF stems, in part, from slower damage
accumulation near the sheet surfaces due to repeated bending/unbending. They found that close
to failure (at 10 out of 12 cycles) geometrically necessary dislocation (GND) accumulation in the
center of a Q&P 1180 sheet was twice that of near-surface regions, potentially owing to



extensive dislocation reversal and annihilation from cyclic loading outside the pure tension zone.
This is supported by their observations of the fracture surface and that dislocations accumulated
4x slower in CBT than in ST.

Knezevic et al. [23] were some of the first to physically observe and analyze
intragranular dislocation cell structures in a material deformed by CBT: AA6022-T4. They
tracked damage throughout the CBT process and compared it to damage accumulation in the
necked region of failed ST samples. Using transmission electron microscopy (TEM), they
observed dislocations tangles at 1 cycle (the material survived 8 cycles before failure), well-
defined cells at 4 and 6 cycles, and no cell structures in the ST samples, finding only loose
tangles and disorganized intragranular structures. They attribute this, in part, to the fact that
substructure development is shown to be dependent on the strain level achieved, which is usually
significantly higher in CBT, and that CBT deformation is more complex than that of ST owing to
combined cyclic loading. Similar work was performed on DP 1180 steel. Yaddanapudi et al. [14]
used TEM to compare dislocation structures observed in ST (at failure) and CBT (at 6 out of 9
cycles), where the former was scanned near the fracture surface. In the CBT sample they
observed dislocation tangles exhibiting loop-like structures, which were attributed to CBT-
induced increases in strength, and predicted to form into cells at higher cycles. In contrast, a
similar lack of structure and/or tangles in the as-received and ST-deformed samples was
observed.

These findings are supplemented by recent studies on the present material, CP-Ti Grade
4, that investigated microstructure and texture evolution, and damage accumulation in terms of
voids. First, considering the idea that twinning and de-twinning may play a significant role in
resultant ETF during cyclic deformation, as in AZ31 [7], Matukhno et al. [5] determined that
tensile deformation in Grade 4 was dominated by prismatic slip activity, with twinning only
playing a minor role. The latter is expected, since twinning systems for this CP-Ti grade have
been shown not to significantly activate when subject to RT rolling operations [20]. They
determined that a moderately strong as-rolled basal texture evolved such that compressive strain
in the c-axis direction on a fraction of grains activated minor pyramidal slip. Elongated grains
were observed in the pull direction, as well as some grain fragmentation due to the high strains
achieved. An Abaqus finite element (FE) CBT simulation for this material allowed for
investigation of developing stresses and strains throughout the CBT process at any cross section
through the gauge length (details reported in [5, 12]). The constitutive model followed strain
rate-independent von Mises plasticity theory (J2) and assumes isotropic expansion of yield
surfaces [9].

In another study, Pitkin et al. [6] conducted an in-depth through-thickness investigation of
void content and growth using X-ray computed tomography (XCT) to compare rates of damage
accumulation in CBT compared to ST. They found that voids formed at similar rates with respect
to local strains in both processes, but that CBT appeared to delay coalescence and accumulated
significantly more voids before failure. The density of voids close to failure for both CBT and ST
was highest in the sheet center. They suggested that the compressive force of the rollers,
especially that of the middle roller, causes some local void closure in the material directly
underneath it. Additional void closure was afforded to ratcheting compression from
bending/unbending near the surfaces. Finally, stress relaxation outside of the current point of
plastic deformation mitigated risk of voids external to it causing failure. All of these factors
allowed for more strain (delayed coalescence) to be achieved in CBT. Once again, they proposed
that a significant mechanism contributing to extended ETF in CBT is dislocation evolution,



where dislocations and/or structures are annihilated near the sheet surfaces during reverse
loading.

Movement, annihilation and/or accumulation of dislocations is the primary mechanism of
plastic deformation in polycrystalline metals [24, 25]. Previous work has revealed evolution of
observed dislocation structures, texture, and void content, with hypotheses surrounding
dislocation involvement in delayed failure. To connect these studies, an in-depth through-
thickness investigation of the role and development of dislocations through a given sheet’s cyclic
lifetime is needed to better understand defect structures and damage accumulation during CBT,
thereby explaining secondary mechanisms related to enhanced ETF. This study combines
multiple characterization techniques to illuminate the interrelated contributions from slip system
activity, associated hardening rates, and through-thickness dislocation evolution in the sheet. It is
hypothesized that damage (i.e., accumulation of dislocations and voids) occurs more slowly in
the ratcheting portions of the sheet (i.e., near the surfaces), thus delaying failure. High resolution
electron backscatter diffraction (HR-EBSD) characterization of GND density, together with X-
ray diffraction (XRD)-based evaluations of total dislocation density (totalDD), are combined
with in-plane DIC and FE simulation prediction to better understand mechanisms for
deformation behavior. Total dislocation and GND densities through the sheet thickness in two
regions of interest within the gauge length are reported as a function of cycle number,
progressively toward failure. Results are compared with dislocation populations developed
during ST and previously reported void formation behavior to assess overall rates of through-
thickness damage accumulation.

2. Experimental Procedures

2.1 General Sample Preparation

Imm-thick CP-Ti Grade 4 sheets were obtained from Boeing, having a nominal composition of
99.97% pure o-titanium. Strength and ductility properties of the as-received material were
previously obtained, where the transverse direction (TD) relative to rolling was found to be the
strongest sheet direction (Figure 4) [12].
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Figure 4. Strength and ductility characterization of as-received CP-Ti Grade 4 sheets. This image is from reference
[12].



All CBT test specimens were cut from the sheet parallel to the rolling direction (RD)
using a Flow waterjet cutter. Since CBT test specimens consistently fail at the 2x/3x interface,
wider end grips were foregone and shorter (241 mm long), rectangular (11.7mm wide) specimens
were used to increase versatility for through-thickness polishing and potential in-situ imaging.
The specimen length was maintained such that the 3x region was initially 50mm (Figure 3).
Optimal machine process parameters (i.e., v=1.3 m/s and 6 = 3.5mm, and carriage speed 66 m/s
[Figure 1]) were used to analyze best-case enhanced ETF [5, 6]. For the CBT experiments the
major strain direction was imposed along the RD. Under this specimen geometry and test
parameters, CP-Ti Grade 4 specimens tend to fail just after completing ~12.5 cycles [6], where
one cycle is defined as the specimen passing through the rollers once in both directions as the
carriage traverses back and forth. Therefore, to analyze dislocation development over a range of
different strain levels, cycle numbers investigated were 0 (undeformed), 0.5 (one pass), 1 (two
passes), 8, and 12 (right before failure). CBT tests were carefully interrupted at each of these
points at the end of a given cycle or half-cycle, and specimens removed, such as to preserve
statistical equivalence as if from a single sample. A CBT test taken to failure is shown in Figure
5 with interrupted cycle numbers shown. Corresponding percentage ETF (i.e., ratio of elongation
achieved to elongation at failure) obtained from interrupted testing for 0.5, 1, 8, and 12 cycles
were 2.03, 5.36, 58.71, and 97.80%, respectively, where 100% represents failure of a given
specimen.

10

Tensile Test
~———CBT Test (6 = 3.5mm, v = 1.31mm/s)

o LML
N

0.5 1 1

Force (kN)

[\

0 10 20 30 40 50 60 70 80 90
Displacement (mm)

Figure 5. Load-displacement curve of CP-Ti Grade 4 up to ~12.5 cycles at optimal process parameters. The ETF of
the sheet in ST was 32.3mm, and 82.2mm that of CBT, enhanced approximately 2.5 times. Cycle numbers
interrupted and analyzed in this study are superimposed, where %ETF of interrupted tests would be statistically
similar to corresponding instantaneous %ETF during a full CBT test to failure. This image is adapted from reference

[6].

In terms of experimental design, 0.5 and 1 cycles were chosen to directly analyze the
cyclic nature of CBT between passes, and 8 and 12 to further examine the progression of strain



hardening, dislocation saturation, and strain localization leading up to failure. For each cycle
number (except in the undeformed case) in its interrupted state, one sample was cut from two
regions of interest: the 1x/2x interface (under the middle roller) and 3x region (middle of the
sheet). This was done using a diamond wet saw cutter to minimize further plastic deformation.
The former region captures the location where the sheet stresses are expected to be at a
maximum (i.e., in a resting bent state), presumably corresponding to high dislocation content,
and is representative of the dislocation evolution under the roller along the moving deformation
zone. The latter region captures the net dislocation evolution in the processing region of the sheet
and the unbending effects of CBT, since what was once instantaneously bent becomes unbent as
the specimen passes completely through the rollers. A sample was also cut from the as-received
material, making 9 total samples. For distinguishability in this paper, the two main regions of
interest will be referred to as “bent” and “unbent.” Comparing these two areas can provide
insight into the content of dislocations at key stress states and locations during the CBT process
and their influence in enhancing RT ETF. The TD (strongest direction) face of extracted samples
was analyzed with EBSD, and the normal direction (ND) face with XRD. Sample preparation is
hereafter divided into two sections according to characterization method, followed by
descriptions of other experimental methods.

2.2 HR-EBSD

After diamond-cutting, samples were embedded, TD upward, in epoxy resin, mechanically
polished at grits of 320, 400, 600, 800, and 1200, removed from the epoxy, and subsequently
electropolished in a 95% methanol, 5% perchloric acid (HC1O4) electrolyte solution: 25V, 60 s, -
30 °C <T <-21 °C. A vertical 316 stainless steel sheet served as the negative electrode. Post-
polishing, samples were loaded into an Apreo C Low-Vacuum SEM, with a beam current of 3.2
nA and accelerating voltage of 20 kV. Thin EBSD scans of 20um x Thickness (~1000pm, or
Imm), 0.5um step size, and 2x2 binning were taken across the entire sheet thickness one each for
0.5, 1, 8, and 12 cycles in both the bent and unbent regions, and patterns saved (Figure 6). For
bent region samples, scans were taken at the location of maximum bending curvature, which was
easily identifiable from stage tilt distortion. Scan location in the unbent samples was arbitrary.
Note that thickness of the sheet reduces as a function of strain, so the scan length generally
decreased with cycle number. For the case of the undeformed sample, a square area of 120pum x
120um was scanned (~136 grains). The grain size was between 8um and 14pum on average.

RD
ND._T 0O NAE EREVIR. T TIEAILS A M. AT R, _REL Y

0001 z110

Figure 6. Uncleaned EBSD scan at 0.5 cycles in the 3x region taken across the entire sheet thickness. The left side is
the bottom of the sheet. Noise on the right side represents the end of scannable material.

GND density (total dislocation length per unit volume, units of m2) was calculated using
HR-EBSD via Open-XY, where every scanned point is assigned a GND density value based on
cross-correlation of lattice strain from neighboring points/patterns [26-28]. GND density values
corresponding to points having a confidence index of less than 0.1, as defined by EDAX OIM



software, were filtered out. Inverse pole figure and corresponding GND density maps for each
sample are shown in Figures A.1 and A.2 in the Appendix.

It should be noted that camera binning and resolution, sample preparation, and step size
all play a large role in relative noise of GND calculations [29, 30]. Some corrosive pitting was
observed on the scanning surface due to the electropolishing method used in sample preparation,
contributing some noise to the calculations as it technically represents additional deformation to
the sheet. Smaller step sizes predict fewer like-signed (polar) dislocations, and thus inflate the
“true” GND density, classifying more dislocations as geometrically necessary. In essence,
smaller step sizes increase noise and scan time, and larger step sizes exhibit some net dislocation
cancellation and lower spatial resolution [30]. 0.5pum was ultimately chosen as the experimental
step size, a common value used in HR-EBSD experiments for similar grain sizes, to preserve
spatial resolution integrity of the microstructure, minimize time required for each scan, and avoid
excessive noise in the data. Since the step size, sample preparation methods, approximate scan
size, and equipment settings used were all kept consistent, results and trends are considered
sound above a base noise floor.

After GND density was calculated for every point in the scan, the data was transformed
to compute an average GND density from the 40 points (20pm wide, 0.5um step size) at each
step across the thickness, constructing an average dislocation gradient through the sheet. To filter
out additional noise and determine the underlying trend of the data, the GND density was then
calculated for 10 windows through the thickness of the sheet by dividing a given scan into 10
slices of equal size in the through-thickness direction and performing a window average of each
slice.

2.3 XRD

Square samples with a side length of Smm were cut from the same regions and indicated cycle
numbers as previously mentioned, including the unstrained material, adhered to sample holders,
ND upward, and loaded into a diffractometer together with a silicon standard powder sample. A
P-XRD PANalytical X'Pert Pro MPD diffractometer having a Cu X-ray source, X'Celerator
detector, and Ge monochromator tuned to the Cu-Ko wavelength (A = 1.5406 A) was used to
scan each sample. Samples were scanned in batches across multiple sessions. When a new batch
was scanned, the Si standard was likewise scanned in the same session to provide an accurate
reference for the current batch of titanium samples. Data was collected for the CP-Ti samples
between 34° and 143° 20 at a 0.0042° step size and counting time of 600.08 s/step (~34 hours
overall). The Si standard was scanned between 20° and 120° 26 at a 0.0042° step size and
counting time of 55.88 s/step (~3 hours overall). To obtain a similar through-thickness
dislocation gradient to compare to the HR-EBSD, three scans were taken for each sample,
excepting the unstrained sample, beginning at the bottom surface of the sheet (in tension relative
to the middle roller) separated by ~134 pm on average into the sheet thickness. Again, the scans
were performed on the ND of each sample. The surfaces for the first scan were consistently not
polished due to the curvature of the bent region samples. Following the surface scan for each
sample, a hand polisher was used to grind each sample down twice, and an optical microscope
used to measure thickness between each scan and corresponding removal of material. The TD
face of the sheet was too thin and the inherent scanning area too large to scan along the edge, like
in the EBSD case. Therefore, the ND was used, and a dislocation gradient constructed by
stepping through the thickness, where trends are expected to be similar between ND and TD
dislocation development despite material anisotropy. The maximum X-ray penetration depth at



90° 20 was estimated to be 26um, such that the diffraction data taken at each “plane” (surface, 1
shave down, 2" shave down) was considered representative of the dislocations in the immediate
scan area at that location through the thickness.

With data collected, the diffraction peaks were then post-processed using Convolutional
Multiple Whole Profile (CMWP) fitting [31]. First, the background was subtracted from the Si
standard scans, and instrument profiles obtained by isolating the Si peaks. Ti peaks were
identified and paired with corresponding 44/ indices recorded in the International Center for
Diffraction Data (ICDD) database. Raw intensity data and Ti and Si peak data were subsequently
run in CMWP and cycled through two sequences of consecutive Monte Carlo (MC) and
Marquardt-Levenberg (ML) fits. A contrast factor, Chko, of 0.25 and burgers vector 0.295nm
were used [32]. In the MC fit, the program ran until a set number of iterations (100 in this case)
had reached a minimum weighted sum of squared residuals (WSSR) value below a certain
confidence parameter threshold (set to 3.5% above the minimum) in the parameter space.
Bounds of uncertainty were then the positive and negative percentages of the converged value
corresponding to where the parameter space crosses that threshold, where a narrower
minimization space would represent more confidence in the converged value. TotalDD, p (units
of m2), output was considered satisfactory when there was negligible difference between the MC
and ML fit results. Finally, the dislocation densities were run through two HCP-specific
refinement programs/solvers [32] to extract refined totalDD values, the one reported being that
which had the smallest least-squares minimization value between the solvers.

2.4 DIC

Relative strain hardening rates between specimens deformed both in ST and CBT were obtained
by comparing HR-EBSD GND calculations to true strain mapped with DIC. Samples in ST and
CBT were taken to failure while DIC was simultaneously performed on the ND surface to obtain
respective 2D major strain profiles. DIC for the CBT sample was previously collected/reported
in [6]. The true strain in the 3x region at %ETF corresponding to 0.5, 1, 8, and 12 cycles was
directly compared to GND density in the 3x region for the same cycle numbers (Section 2.2).
Only the 3x region was compared because of visual obstruction from the rollers at the 1x/2x
interface. ST DIC from this study was obtained by first applying a polymer-based black and
white spray paint speckle pattern to the tensile specimen. A 2-megapixel IMPERX B1921 HD
camera was used to collect one image per second during the ST test, the specimen surface being
illuminated by an LED light. Strain was mapped in Correlated Solutions® VIC-2D. ST
specimens were interrupted also at %ETF corresponding to 0.5, 1, 8, and 12 cycles in CBT (i.e.,
0.5:2.03%; 1: 5.36%; 8: 58.71%; 12: 97.80%). Samples were subsequently cut and HR-EBSD
performed in the TD in the middle of the necked region, near the necked region, and at several
lower-strain locations between specimens to collect a wide range of true strain and corresponding
GND density values.

2.5 Simulated Stress Profiles

To compare GND accumulation through the thickness of the sheet relative to the ratcheting,
alternating stress (cyclic bending/unbending) regions of the sheet, outputs from the FE model
were employed to track shifts in the neutral axis using axial stress profiles. Eight nodes were
simulated through the sheet thickness (Figure 2). Cross sections for axial (c11) stress profiles
were taken at locations of maximum bending curvature at two of the rollers and in the 3x region,
at the surface of the sheet edge in the width direction, when the rollers had come to the end of the
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indicated cycle number (to directly simulate experimental data). The cross sections for 3x, left
roller, and middle roller are labeled 3x, TC1, and TC2, respectively, shown in Figure 7. With
each passing roller, the bending state changes from positive bending, to negative, and back to
positive, or vice versa. Thus, alternating compression-to-tension and tension-to-compression
shifts were obtained by finding the through-thickness location where the axial stress profile
changed sign. Neutral axis shifts in the 3x region were not relevant since it is not in a state of
bending, but the profiles still serve as a reference. Axial plastic strain for each cross section was
also obtained as an indicator of relative slip activity.

11
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Figure 7. Simulated through-thickness axial stress and plastic strain profiles calculated at 8 nodes through a CP-Ti
Grade 4 sheet at the end of (a) 0.5, (b) 1, (¢) 8, and (d) 12 cycles at (i) 3x, (ii) TC1, and (iii) TC2 cross sections. The
through-thickness location of shifting from negative to positive stress is indicated by the red lines.
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3. Results & Discussion

3.1 Through-thickness HR-EBSD dislocation evolution analysis

The resultant alternating and constant-tension deformation zones estimated from FE simulations
are shown in Figure 8, revealing regions of pure tensile stress in the middle, and ratcheting
compressive and tensile stresses toward the surfaces. At lower cycles, the tension region covers
~20% of the thickness, and grows to ~60% at higher cycles. As the sheet gets thinner, the amount
of compression that can be induced in the sheet is reduced. This gradually introduces more
overall tensile stress in the middle of the sheet, shown at 8 and 12 cycles, accelerating failure.
Thus, axial compressive stress serves as a stabilizing mechanism during CBT [5]. Overall,
varying amounts of damage accumulation are expected between the differing deformation zones
since they undergo different stress states and subsequent strain paths.
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Figure 8. Through-thickness tension and alternating tension-compression regions at (a) 0.5, (b) 1, (c) 8, and (d) 12
CBT cycles. Each “snapshot” represents the tension-ratcheting distribution at an infinitesimal location at the end of
the indicated cycle, with (gradually reducing) thickness estimations taken from the middle of the 3x region.

GND density accumulation under the middle roller (TC2, bent region, Figure 7) across
the through-thickness of the sheet is shown in Figure 9. Recall that this region was analyzed to
track dislocation development representative of immediate deformation under one of the rollers,
whereas the unbent (3x, processing) region focuses on the net deformation from bending and
unbending the sheet. First, a general increase in GND density is observed leading up to failure.
Additionally, in this region GND density is shown to be generally highest at the bottom surface,
which, under the middle roller, is bent in tension. Recall that the CBT tests were interrupted at
the end of an indicated experimental cycle number (i.e., when the carriage had decelerated and
come to a stop). Thus, the bias in dislocation density toward the bottom of the sheet is expected
due to constant tensile strain applied at longer time intervals at the end of a pass (i.e., during the
pause before beginning the next pass) in the presence of combined static tensile bending. This is
in contrast to instantaneous locations in the processing (3x) region, where combined applied
macroscopic tension and tensile bending at constant velocity are induced for fractions of a
second as each roller passes. Note that tension from bending compounded with macroscopically
applied tension induces the highest stresses and, hence, the greatest plastic deformation during
the process [6, 12]. In short, more strain hardening was observed at the bottom surface of the
sheet, indicating higher GND accumulation near the bottom surface throughout the CBT process
at the end of each pass from (relatively) extended superimposed static tensile loading.
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From the bent region results it is also noted that during the first cycle (0.5 and 1 cycles,
15t and 2™ pass), dislocation content is distributed linearly through the sheet (highest at the
bottom surface). At 8 cycles, dislocation content is lower near the sheet surfaces and peaks in
center, following a more quadratic distribution with respect to depth, indicating slowed
accumulation in the ratcheting regions. Quantitatively, the GND density in the sheet center is
approximately 1.43x higher than at the surfaces. In contrast, at 12 cycles dislocations are once
again distributed more linearly through the sheet, rather than quadratically (once again highest at
the bottom surface) indicating that dislocation density is approaching saturation throughout the
sheet. In other words, hardening has been exhausted in certain areas of the sheet, and dislocations
are annihilating each other. Saturation can be thought of as steady-state deformation behavior
where the multiplication rate of dislocations is equal to the annihilation rate, or when none are
being generated [33, 34]. The minor increase in GND density in the middle of the sheet between
8 and 12 cycles indicates that the central zone is more saturated, leading to more accumulation
near the surfaces after 8 cycles. These results are generally consistent with data obtained from
the unbent region, shown in Figure 10.
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Figure 9. Average GND density and standard deviation of 10 slices of the data relative to through-thickness
deformation zones (ratcheting, tension, ratcheting, separated by dotted lines) in the bent region at each experimental
cycle number: (a) 0.5 cycles, (b) 1 cycle, (c) 8 cycles, (d) 12 cycles. Least square fits are also superimposed.
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Figure 10. GND density accumulation in the (a) bent region and (b) unbent region superimposed with linear fits for
0.5, 1, and 12 cycles, and a quadratic fit for 8 cycles. Data for each cycle is centered at 0.5mm (half the sheet
thickness), indicating a decrease in thickness over time.

Here, the dislocation content in the sheet center is 1.22-1.32x higher than at the surfaces
after 8 cycles. After 12 cycles, a net higher accumulation near the bottom surface is observed,
most likely due to top-to-bottom roller configuration asymmetry (i.e., one top roller and two
bottom rollers).

It is curious that in both regions of interest from which data is taken for Figure 10, the
GND density at 0.5 cycles was slightly higher than that at 1 cycle. However, these were two
different samples, and sensitivity to initial test conditions is highest during the first few cycles.
Hence the discrepancy is likely due to slightly different initial machine conditions (e.g., initial
tension in the sample after the grips are applied); or there may be other factors such as cutting
and polishing conditions.

As can be seen from Figure 10, at a low number of cycles dislocations accumulate
between 30-40% faster in the regions at the 1x/2x interface in the ‘bent’ condition (Figure 10a),
compared with the ‘unbent’ 3x region (10b). Presumably, a certain amount of dislocation
annihilation occurs during the unbending of the sheet as the final roller passes over it. At higher
cycles, however, plastic strain accumulates much faster in the 3x region, compared with the
1x/2x region [6], leading to higher dislocation content (compare the 8- and 12-cycle data in
Figure 10b, compared with 10a).

3.2 Strain hardening comparison between CBT and ST

As was briefly mentioned, it was previously shown that GND density increases 4 times faster in
ST than in CBT in TRIP steels, with near-linear hardening [4]. This finding was used to explain a
related observation that GND density was 1.56x higher in the center of a Q&P 1180 sheet (at 10
out of 12 cycles) than near the surfaces, a similar trend to what was reported above for the CP-Ti.
The strain state/paths in CBT are complex, exhibiting pure tension in the middle of the sheet and
cyclic tension-compression combined with pure tension near the surfaces. Since the rate of GND
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accumulation was found to be higher in ST, the GND density is expected to be, and was, higher

in the middle of the sheet later in the deformation process. The GND accumulation was

correspondingly slower in the ratcheting regions. A similar comparison of hardening rates

between ST and CBT is corroborated in this study. Figure 11 shows hardening rates in CP-Ti
using true strain data obtained from DIC superimposed with GND density obtained in the 3x
region in CBT and throughout the gauge length in ST, including the necked region.
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Figure 11. (a) Average strain hardening rates in ST compared to the CBT 3x region with (b) a sample of strain maps
from corresponding DIC: CBT at failure (left), ST at 97.80% ETF in the necked region, just before failure (right).
Error of one standard deviation from the mean is shown. Both linear models start with zero strain and corresponding

GND density of the as-received material.

Simple linear regression was performed on the two datasets, giving R? values of 0.987

and 0.988 for CBT and ST, respectively. Thus, dislocations were found to develop 1.2 times
slower in CBT than in ST in CP-Ti Grade 4 — a similar trend to the steel study, though not as

pronounced. One possible explanation for a general discrepancy in hardening between CP-Ti and
the Q&P/TBF 1180 is the number of phases present. In the TRIP steels, there is likely a greater
tendency for higher localization and dislocation development around hard phases (i.e., greater
hardening in one phase over another), as they have ample amounts of martensite and retained
austenite [35, 36]. CP-Ti, on the other hand, only has one phase at RT.

3.3 Through-thickness CMWP dislocation evolution analysis
The totalDD data from CMWP serves as a companion to the HR-EBSD GND density data and
reveals additional insights regarding damage accumulation. Data collected at the surface was

discarded, being unreasonably high due to heavy damage from CBT surface rolling, not being
polished, and/or (in the bent region) poor diffracted X-ray detection as a result of inherent
curvature. Internal measurements were reasonable and overall considered to be sound. Through-
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thickness totalDD computed in CMWP is displayed in Figure 12. Anomalistic totalDD is seen at
0.5 cycles for an amount of strain so close to the as-received, likely due to noise or error in post-
processing, so the other cycle numbers will be primarily emphasized.

The totalDD data suggest a general increase in dislocation density as function of strain
(i.e., number of cycles). As-received totalDD is significantly lower than after incurred strain, as
expected. TotalDD in the unbent region is generally higher than in the bent region, aligning with
previous observations, due to overall increased amounts of strain. Note that the first data point,
bent and unbent, for 8 and 12 cycles lies within the simulated bottom ratcheting region, and the
second in the pure tension region. Both datapoints for 1 cycle are within the simulated bottom
ratcheting region, making their response slightly more uniform. An increase in dislocation
density toward the middle of the sheet is seen at 8 cycles in both regions, as in the GND case,
indicating some dislocation annihilation from reverse loading in the bottom ratcheting zone
compared to higher accumulation in the tension zone. At 12 cycles, in the bent region there is
some increase in totalDD shifting from the ratcheting into the tension region, like the GND data,
expected to decrease approximately linearly toward the top surface of the sheet. In the unbent
region indications of a general decrease toward the top surface are observed, where the most
accumulation is expected near the bottom surface due, in this case, to top-and-bottom roller
configuration asymmetry, in agreement with the unbent GND data. Again, applied axial tension
combined with tensile bending induces compounded amounts of tensile stress and subsequent
plastic deformation near the surfaces, so net higher accumulation at the bottom surface near
failure is unsurprising, taking saturation behavior into account. Observations of dislocation
saturation from this data are less obvious with only a few data points per cycle.
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Figure 12. ND totalDD accumulation in the (a) bent region and (b) unbent region, with error representing the offset
from the optimum value reached (minimized WSSR). Data for each cycle is centered at 0.5mm. For 0.5 cycles in the
unbent region, data was also collected near the top surface of the sheet.

Average dislocation densities across the sheet thickness summarizing and comparing
CMWP and HR-EBSD measurements are shown in Figure 13, with values listed in Tables A.1-2
of the Appendix. Note that the averages for CMWP consist of a small sample size of two data
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points, so only mean and standard deviation are reported, and broader statistical tools are not
employed. The values for totalDD are normally expected to be higher than those for GND
density since the latter is a subcomponent of the total, but, as was previously mentioned, noise
and inherent differences between the two characterization methods offset “true” dislocation
density values relative to each method. Sample faces analyzed (TD vs. ND) were also different.
Inferences from trends observed in the data from the two characterization procedures are,
therefore, reported. For both the GND and totalDD data, the undeformed (as-received)
dislocation density was significantly lower than regions that had been strained (GND: 1.41x104
m2; CMWP: 0.353x10'* m), serving as a check of coherence and reference for initial
dislocation content. Some similar trends are observed between the two characterization methods,
namely that dislocation density in the 3x (unbent) region is higher than in the bent region leading
up to failure, and that dislocation density generally increases with increasing number of cycles
(i.e., strain). General dislocation density values obtained, having magnitudes of [x10'3] to
[x10'5], are realistic relative to typical values in rolled and/or heavily deformed polycrystalline
metals.
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Figure 13. (a) Average GND density and (b) average totalDD accumulation in the bent and unbent regions for
relevant experimental cycle numbers. Due to having only 2 datapoints in each dataset, boxplots are foregone in (b)
and plotted rather as means and standard deviations. 0.5-cycle data from CMWP was omitted from the comparison.

3.4 Discussion of dislocation influence on enhanced RT ETF

To expand the discussion of evolving distributions of dislocations with increasing cycles in CBT,
phenomenological deformation mechanisms of cyclic loading and reversed dislocations are
considered. Cyclic deformation (e.g., tension-to-compression or compression-to-tension) relies
on a combination of isotropic and kinematic hardening laws [37]. Reverse isotropic hardening is
influenced by the extent of dislocation annihilation during reverse loading, leading to a decrease
in overall dislocation content. Reverse kinematic hardening is influenced by the release of
accumulated backstresses during reverse loading on the slip-system level. Considering the
influence of both laws in plasticity models has shown that cyclic loading is often accompanied
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by a permanent softening effect, or decreased hardening rate during reverse loading to large
strains, subsequent drop in yield stress, and offsetting of forward and reverse flow stresses [38,
39]. In terms of the isotropic hardening contribution, dislocations accumulate in the forward
strain path, and a certain percentage of them are annihilated in the reverse direction (i.e., during
reverse glide) as slip/loading directions are reversed. Specifically, a percentage of loosely tangled
dislocations contained in or around organized dislocation substructures (e.g., cell walls and block
boundaries) and certain substructures themselves formed during the primary deformation path
annihilate in the reverse direction [38, 40]. New dislocation substructures simultaneously form
during the reverse deformation. Thus, reversible dislocation motion and annihilation heavily
influence hardening and hardening rates during cyclic loading [39], and cellular structures can
persist throughout [23]. Note that such structures have been shown to be favored under cyclic
loading with a positive mean stress, such as in additive positive constant tension and positive
bending of CBT, where the complex stress states promote multiple slip [18, 23, 41]. Significant
accuracy improvements of elasto-plastic self-consistent (EPSC) model predictions of
experimental data for reverse loading behavior of cyclically deformed samples in AA6022-T4,
DP590 steel, CP-Ti Grade 2, and others have been achieved by incorporating reversible
dislocation mechanisms alongside backstresses and inter-granular residual stresses [39, 40, 42].

CBT deformation differs from pure cyclic loading, however, since the cyclic bending is
superimposed with macroscopic tension [23]. Nonetheless, the discussed principles of reverse
annihilation of dislocations apply to CBT in the bending/unbending regions of the sheet
thickness since they, indeed, undergo cyclically reversing tension-to-compression or
compression-to-tension bending stress states. In particular, dislocations and dislocation
substructures accumulate in the ratcheting region near the top surface of the sheet in a state of
tensile bending as the first roller passes, and a certain percentage annihilate during reverse
compressive bending as the next roller passes. This results in delayed hardening in the ratcheting
portions of the sheet, inherently reducing the amount of dislocation development in those areas
compared to the middle tension zone. Determining which strain path has a higher hardening rate
is thereby essential to determining which loading direction (positive or negative, tensile or
compressive bending in the case of the ratcheting zones) will have the greater percentage of
reversed dislocations.

The CP-Ti Grade 4 sheet from this work exhibits compressive-tensile yield stress
asymmetry in the RD, with compressive yield strength being highest in that direction, but nearly
symmetric yield strengths in the TD; it also exhibits a higher monotonic compressive hardening
rate (compared to the monotonic tension hardening rate) in both RD and TD directions. Increased
compressive hardening rates were also observed in CP-Ti Grades 1 [43] and 2 [44], as well as
early re-yielding in cyclic loading. Recall that the key difference between Grades 1 through 4 is
increasing amounts of iron and oxygen content (solid solution strengthening), so most of the
same deformation mechanisms are active but at differing degrees. Accordingly, an EPSC crystal
plasticity model of the Grade 2 data found that relative amounts of slip (i.e., prismatic, basal, and
pyramidal modes) for strains up to 10% were consistent whether under monotonic or reverse
loading, compression or tension, compression-to-tension or tension-to-compression, with
prismatic being the dominant slip mode [45]. The model also showed favorable pyramidal{c+a)
slip over twinning in the reverse loading path during cyclic loading. Additional cyclic modeling
of AA6022-T4 added the insight that in that material there was not a significant difference in
relative amounts of slip between ST and CBT [10]. This could be similarly inferred for CP-Ti,
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indicating consistent relative amounts of slip through the thickness when the loading direction is
the same.

Additional insights can be gained from the simulated axial plastic strain (Figure 7). In
pre-necking ST, the axial plastic strain is expected to be relatively uniform, whereas in CBT the
simulation predicts it to generally be highest at the sheet surfaces. This would normally predict
higher dislocation accumulation in those regions, but since the model does not account for
reversible dislocations, the simulated axial plastic strain includes the added accumulation from
positive and negative loading. A percentage of dislocations would normally cancel during strain
in opposite loading directions from reverse bending near the surfaces. Therefore, the
experimental results above showing a decrease in dislocation accumulation in surface regions of
cyclic loading can then attribute the decrease to reverse dislocation motion and annihilation.

In summary, recall that ~80% of the additional elongation afforded in CBT compared to
ST was attributed to delayed necking, the primary mechanism. The goal was then to investigate
through-thickness dislocation evolution as a secondary mechanism of enhanced ETF. Relating all
of this to especially the 8-cycle dislocation density distributions (Figures 9, 10, and 12),
exhibiting notable increases in the sheet center, delayed hardening was plainly observed in the
ratcheting portions of the sheet. Therefore, it is proposed that additional secondary ductility (i.e.,
ETF) extension during CBT in CP-Ti Grade 4 is attributed, in part, to slowed dislocation (i.e.,
damage) accumulation due to reverse dislocation motion and underlying annihilation in the strain
path reversal, ratcheting regions of the sheet. This is influenced by an increased hardening rate in
compression and early re-yielding during cyclic deformation. The applied tension causes a higher
overall rate of dislocation accumulation in the pure tension region of the sheet (Figure 11), with
delayed hardening in the ratcheting portions owing to a complex evolution of dislocation
accumulation and annihilation, together with relevant formation and complete or partial
dissolution of dislocation cells and cell block boundaries. As the ratcheting region shrinks and
the sheet progressively thins and hardens leading up to failure, the amount of annihilation from
reverse dislocation motion that can take place in the ratcheting regions diminishes, leading to
eventual dislocation saturation. At the point of failure, the highest dislocation density in the
processing region is at the bottom sheet surface, where the asymmetric roller configuration has
induced a significant amount of net tensile plastic deformation near the surface from combined
positive bending and applied tension.

In short, the CBT process provides deformation mechanisms in sheet forming that slow
dislocation accumulation via cyclic bending in the regions of highest expected stress (i.e., the
surfaces), concentrating accumulation in the center, thereby affording more total strain than in ST
and enhancing achievable ETF. Sheet thinning and subsequent shrinking of ratcheting (cyclic)
zones develops increased central damage accumulation as the amount of stabilizing compression
decreases. Thus, getting the most extended ETF from the CBT process may be partially achieved
by concentrating efforts in design, material selection, and processing (e.g., diameter of the
rollers) such as to maintain constant width of the ratcheting regions for as long as possible; in
this material, for example, this would mean attempting to maintain each ratcheting zone at ~40%
of the thickness with only 20% being in tension.

3.5 Relationship between dislocation evolution and void formation

The reported findings on dislocation evolution are corroborated by damage evolution near failure
in the sense of voids in CP-Ti Grade 4 recently reported in a parallel study [6]. It was determined
that voids form at similar exponential rates (with respect to strain) for both CBT and ST. Isolated
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data from this study from the 3x (unbent) region at 9, 11, and 12 cycles is shown in Figure 14. At
9 cycles, the void density distribution is relatively uniform, and eventually increases in the center
of the sheet approaching failure (recall that failure occurs at ~12.5 cycles). The same trend was
observed in samples taken from the 2x/3x interface, the common failure point of most
specimens, indicating that, throughout the gauge length, voids likely concentrate in the sheet
center leading up to failure. The void density was 2x higher in the middle than at the surfaces in
CBT, and 2.5x higher in ST. Notably, the GND density in the 3x (unbent) region was highest in
the center of the sheet at 8 cycles (Figure 10) and the totalDD also increased toward the center
(Figure 12), suggesting that the significant increase in dislocations in the middle of the sheet at §
cycles precedes void formation (in the size range visible to CT) in the middle of the sheet, which
occurs between 9 and 11 cycles.
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Figure 14. 3x (unbent) region through-thickness void volume density data for 9, 11, and 12 (out of ~12.5) cycles
relative to the as-received material. This image was adapted from original data found in [6].

It has been shown that in ductile fracture of pure metals, voids typically form via vacancy
condensation as the primary mechanism: dislocation cell walls and cell block boundaries created
by plastic deformation facilitate vacancy condensation by increasing hydrostatic stress
concentration, causing nucleation of voids [46-48]. Vacancy concentration and hydrostatic stress
reduce the activation free energy of void nucleation, and dislocation cell walls increase
hydrostatic stresses, thus making void nucleation more favorable. As a result, vacancy
condensation causes most voids to nucleate in regions of high dislocation density, and the voids
then grow by consuming dislocations from the bulk [47]. The nature of the material of interest,
being shown to fail with ductile fracture [6] and being 99.97% (i.e., highly pure) a-titanium,
suggests that the conditions for activation of this void formation mechanism are satisfied despite
its hexagonal structure.

In materials that deform by twinning, both pure and those containing second-phase
particles, voids can also nucleate at grain boundary/twin intersections and/or twin/twin
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intersections, which act as high stress concentrations [48]. It was correspondingly observed that
voids in high-purity a-Ti often nucleate at the intersection between T (primary) and T>
(secondary) tensile twins [48, 49]. Although incipient voids were not characterized relative to
twins and grain boundaries with EBSD in this or the overlapping study, the lack of overall
twinning observed in the supplied material supports the assumption that void formation and
growth principally occur by vacancy condensation at dislocation boundaries, in regions of high
dislocation density.

Based on the previous discussion, it is assumed that dislocation density accumulation in
the sheet rises in the sheet center (due to the constantly tensile nature of the stress, as opposed to
cyclical stress near the sheet edges), along with the greater stress triaxiality observed in the
simulations of CBT, results in a faster rate of void nucleation. These would not initially be
observed in the CT scans, due to resolution limits, but would become visible as they continue to
grow at a later number of cycles. At 12 cycles the apparent trends were reversed, where void
density peaked at the center and the dislocation density distribution was linear and greatest at the
surface (the latter bias, once again, likely due to roller configuration asymmetry). Pitkin et al. [6]
reported that the voids continued to form with little growth leading up to crack initiation and
failure, concentrating in the middle of the sheet. The dislocations, on the other hand, saturated
throughout the sheet close to failure, with the density increasing near the surfaces. This
subsequently influenced a sharp increase in the void density, including near the sheet surfaces,
between 11 and 12 cycles (Figure 14), while remaining highest in the central tensile region
where dislocation density was formerly highest. Therefore, in terms of damage evolution in CBT,
high dislocation density development in the pure tension region of the sheet thickness
approaching failure precedes and imparts nucleation sites for voids, causing them to nucleate and
concentrate also in the sheet center. Cyclic bending/unbending in the ratcheting portions of the
sheet delay hardening in those areas, forcing voids to form and the distribution to concentrate in
the center where there exists a high accumulation of dislocations and (likely) dislocation cells
and cell block boundaries.

A high amount of central damage (i.e., accumulation of both dislocations and voids) is
evidenced by analysis of the fracture surfaces in CBT. The specimen fracture surfaces were
found to be essentially perpendicular to the loading direction, with the CP-Ti having only small
shear lips [4-6]. This supports the observation of significant void accumulation in the sheet
center before fracture. Note that in both TRIP steels and CP-Ti Grade 4, stress triaxiality in CBT
is generally highest in the middle of the sheet. Thus, incremental and reversal deformation
effects of CBT that concentrate damage accumulation toward the center of the sheet, away from
peak surface stresses, are presumably able to extend ETF at RT in CP-Ti, with dislocations and
voids playing an interrelated and sequential role.

4. Conclusions

Using CBT to process CP-Ti Grade 4 has yielded up to three times enhanced ETF compared to
ST, where ~80% (i.e., most) of the extended ETF is attributed to delayed localization from
cyclic, incremental deformation/elongation. Stabilizing compressive stress profiles and
relaxations of mechanical strain field fields are secondary contributions to the improved
elongation. Microscale defect structures and damage accumulation contribute additional
secondary effects and are essential in explaining deformation mechanisms to exploit the
elongation-enhancing effects of CBT. This study tracked dislocation development through the
sheet thickness throughout the CBT process in CP-Ti Grade 4 to determine if, as a secondary
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mechanism to improved ETF, dislocation evolution was slower in the bending/unbending
(ratcheting) portions of the sheet. Dislocation content was characterized with HR-EBSD and
XRD-based CMWP via interrupted testing on two regions of interest — directly under the middle
roller and in the 3x region once rollers had passed — at 0.5, 1, 8, and 12 cycles, where failure
typically occurs at ~12.5 cycles. Tracking dislocation evolution in both bent (1x/2x) and unbent
(3x, processing) regions revealed content and distribution of dislocation density representative of
the current deformation zone and the main CBT processing region, respectively. Results obtained
allow the following main conclusions to be drawn:

e Damage in the sense of dislocation accumulation occurs more slowly in the ratcheting
portions of the sheet (i.e., near the surfaces) from cyclic load reversals, and develops
faster in the central tensile portion of the sheet. Indeed, dislocation density was shown to
generally accumulate 1.21x faster in ST than in CBT. During the CBT process,
dislocation density is relatively uniform across the sheet at lower cycles, increases in the
sheet center at higher cycles, and eventually approaches saturation near failure both
immediately under the middle roller and in the (3x) processing region. At 8 cycles,
dislocation densities in the bent and unbent regions were found to be 1.43x and up to
1.32x higher, respectively, in the middle of sheet compared to near the surfaces,
exhibiting a quadratic relationship with respect to depth into the sheet. This is attributed
to reverse dislocation motion and underlying annihilation of dislocations from cyclic
bending/unbending in the ratcheting zones. At 12 cycles, right before failure, the
relationship is once again approximately linear, indicating that dislocation density is
approaching saturation throughout the sheet.

e Dislocation content in the unbent region was highest near the bottom surface of the sheet
near failure, owing to roller configuration asymmetry (i.e., one on top, two on bottom) in
conjunction with the highest amount of plastic deformation occurring near the surfaces
from superimposed tensile bending and macroscopically applied tensile stress.
Unbending/straightening and relaxation of the sheet as rollers passed produced a more
uniform (i.e., less steep) distribution of dislocation densities throughout the process
compared to the bent region, indicating delayed localized concentration of damage near
the surfaces via dislocation reversal and annihilation. As expected, dislocation density
was largest in the unbent region at higher cycles compared to the bent region from higher
overall induced strain.

¢ An increase in dislocation density in the middle of the sheet (relative to the sheet
surfaces) after 8 cycles precedes (and presumably causes) significant nucleation and
growth of voids in the sheet center between 9 and 11 cycles observed in a parallel study
[6]. Concentrated damage in the middle of the sheet, away from peak stresses near the
surfaces, presumably contributes to delayed failure in CBT.
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Figure A.1. (a) Uncleaned EBSD inverse pole figure (IPF) map with corresponding (b) GND density map of the as-
received CP-Ti Grade 4 sheet.
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Figure A.2. Corresponding (top) uncleaned EBSD inverse pole figure (IPF) maps and (bottom) GND density maps
through the sheet thickness in the (a) bent and (b) unbent regions at (i) 0.5, (ii) 1, (iii) 8, and (iv) 12 cycles.
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Table A.1. Average through-thickness GND density
values corresponding to maps in Figures A.1-2 and the
average dislocation density plot in Figure 13.

Avg. GND Density (m/m?)

Undeformed 1.411x10™
Cycle No. Bent Region Unbent Region
0.5 3.784x10" 2.904x10"
2.977x10" 2.071x10"
8 8.721x10" 1.008x10"3
12 9.935x10 1.252x101

Table A.2. Average through-thickness total dislocation
density values corresponding to the average dislocation
density plot in Figure 13.

Avg. Total Dislocation Density (m/m?)

Undeformed 0.353x10™
Cycle No. Bent Region Unbent Region
1 1.557x10™ 2.096x10'
8 1.895x101 4.796x10™
12 1.912x10' 4.851x10"
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