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Abstract

Continuous-bending-under-tension (CBT) has been conceived as a mechanical test or a forming process imparting cyclic bending
during stretching of a metallic sheet or strip in order to increase its elongation to fracture (ETF) relative to simple tension (ST). In
arecent work, over five times improved ETF by CBT over ST has been reported for a dual-phase (DP) steel DP 1180. This paper
evaluates the behavior in CBT of three additional automotive advanced high strength steels (AHSS), DP 590, DP 780, and DP
980. In doing so, the process parameter space defined in terms of crosshead velocity applying the tensile force, and roller depth
imposing the amount of bending to the specimen has been explored to maximize the ETF of these materials. The studied steel
sheets had different thicknesses, in addition to intrinsically containing different fractions of ferrite and martensite phases. After
establishing the optimal process parameters, significant improvements in ETF are achieved for all studied steels. Based on
comprehensive data, it is found that lower martensitic content moderately improves ETF, while increasing of the sheet thickness
rapidly deteriorates ETF, under CBT. The behavior in tension of sheets that were subjected to CBT processing under the
established optimal process condition is investigated to determine enhancement in strength and any residual ductility of the
materials. In addition to testing, a combination of electron microscopy along with electron-backscattered diffraction and neutron
diffraction is employed in order to assess the initial microstructure, evolution of crystallographic texture, and fracture mecha-
nisms for the studied steels. Texture evolution in CBT forms a more pronounced {011} fiber along the stretching direction than in
ST, revealing that the deformation in CBT could extend to greater strain levels than those reached at the fracture location in ST.
Fractured surfaces after CBT are found to consist of fine ductile dimples, while those after ST consist of coarser dimples and some
content of brittle flat martensitic regions.
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Introduction

Much attention in materials science has focused on under-
standing the relationships between microstructure and re-
sponse of metals, in terms of strength, work hardening rate,
and formability, along with energy absorption during various
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loading conditions in processing or in service [1-10]. Such
understanding is necessary for metals to facilitate optimization
of their microstructure and underlying properties for low-cost
forming into complex shapes, and then for the necessary struc-
tural properties and performances in service. One approach,
used with steels, for finding a compromise between strength
and ductility, is finding an optimal mixture of different micro-
structure phases such as martensite and ferrite. Alternatively,
for aluminum, the material may be provided in a ductile form
for forming, requiring a final aging heat treatment to deliver
the required strength by precipitation hardening for service
[11-14]. Nevertheless, innovations in sheet metal forming
can provide a further strategy to improve materials, e.g. the
desired elongation-to-fracture (ETF). To this end, the empha-
sis can be on discovering forming processes that exploit the
ductility throughout the sheet and thus postpone or avoid
necking and early fracture.
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For example, in spin forming, a stationary tool contacts a
spinning blank to create an axisymmetric component [15-17].
Another example is a process termed incremental sheet forming
(ISF) in which a hemispherical tool locally deforms the sheet
imparting plastic strain levels well above those in conventional
forming. In both of these processes, only a small portion of the
sheet is a plastically deforming zone at each instant. Mechanisms
such as shear, bending, nonplanar stress, and cyclic straining
have been discussed as origins of the enhanced formability ob-
served in these processes over conventional forming [18]. A
theoretical analysis of the effect of shear in sheet forming on
increased formability has been presented in [19, 20]. Cyclic
straining for boosting formability has been discussed in [21].
The effect of cyclic bending to increase formability has been
known for a long time [22, 23]. Moreover, formability in material
bending tests can be modified by selection of tool radius or sheet
thickness [24]. The beneficial effect of superimposing bending
on tension to enhance ETF has also been observed in sheet
forming involving draw-beads [25]. Continuous-bending-
under-tension (CBT) imparting cyclic bending during stretching
of a sheet also achieves strain levels well above those in simple
tension (ST) [23, 26, 27].

In this work, we take advantage of the CBT process to
evaluate the effect of cyclic bending in stretching of automo-
tive dual-phase (DP) advanced high strength steels (AHSS)
steel sheets, DP 590, DP 780, DP 980 and DP 1180. In doing
s0, the process parameter space defined in terms of crosshead
velocity and normalized bend depth imposed onto the speci-
men has been explored to maximize the ETF for the studied
steels. Force vs. displacement curves as a function of these
parameters are presented and described. The studied steel
sheets had different thicknesses, in addition to intrinsically
containing different fractions of ferrite and martensitic phases,
allowing us to evaluate both the effect of phase fractions and
sheet thicknesses on ETF under CBT. The materials are also
tested in ST to establish a reference for assessing the behavior
in CBT. The behavior in tension of sheets that were subjected
to CBT processing under the established optimal process con-
dition is also investigated to determine enhancement in
strength and any residual ductility of the steels. In addition
to testing, a combination of scanning electron microscopy
(SEM) along with electron-backscattered diffraction (EBSD)
and neutron diffraction (ND) is employed in order to assess
the initial microstructure, evolution of crystallographic tex-
ture, and fracture mechanisms for the studied steels.
Comprehensive results from mechanical testing and micro-
structural characterization along with insights from the analy-
ses of the results are presented and discussed in this paper.

Materials

Premier examples of AHSS are DP steels, four of which are
studied in this work. These materials have a composite
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microstructure made up of martensite islands dispersed in a
ferrite matrix. Mechanical behavior of these steels is primarily
governed by the volume fraction and distribution of these two
phases with their contrasting tradeoff in strength (martensite)
and ductility (ferrite) [1, 28—-33]. It has been demonstrated that
simultaneous improvement of strength and formability of DP
steels can be achieved by redistributing the phases [3, 34]. The
secondary effects governing the behavior of these steels come
from grain size and crystallographic texture per phase. Local
plastic deformation of DP steels is highly inhomogeneous due
to the grain level inhomogeneities associated with the con-
trasting phases. Large ferrite grains suitably oriented for crys-
tallographic slip have been observed to deform plastically ear-
lier than small ferrite grains [35]. Strain localizations have
been observed within large ferrite grains, ferrite channels be-
tween bulky martensite regions, and at martensite/ferrite phase
interfaces [29, 35-37]. Such localizations limit ETF during
sheet metal forming operations [38—44]. Interestingly, while
voids and their coalescence in the ferrite matrix determine
ductility of DP steels with low volume fraction of martensite,
they do not significantly reduce the overall ductility of DP
steels with high volume fraction of martensite. Ductility of
high martensite containing steels is more driven by the dispar-
ity of properties and interfaces between the two phases [45,
46].

DP steels studied in the present work have been acquired as
rolled sheets from US Steel. DP 590, DP 780, and DP 980 are
from US Steels’ hot dip (HD) processing lines, while DP1180
is from their continuous annealing line (CAL). DP 590 and DP
780 were galvannealed (HDGA) coated, DP 980 was galva-
nized (HDGI) coated, and DP 1180 was bare. The grades of
the commercial DP steel are designated by their ultimate ten-
sile strength (UTS) in MPa. The chemical compositions and
treatments are provided in Table 1. The sheet thicknesses were
1.3, 1.4, 1, and 1 mm for DP 590, DP 780, and both DP 980
and DP 1180 respectively. In addition to the effects of mar-
tensitic content, these variations allow us to study the effect of
thickness on the CBT behavior.

Flow stress

Using an MTS Landmark 370 servo hydraulic loading-frame
with MTS 647 hydraulic grips, the as-received sheets were
tested in ST at a constant strain rate of 107> s~ [47-51].
Standard tensile specimens were machined along the rolling
direction (RD), 45° from RD, and transverse direction (TD)
for DP 980 and DP 1180, while only along RD for DP 590 and
DP 780. Dimensions of tensile specimen gauge region were
50.4 mm in length and 11.7 mm in width. The results are
shown in Fig. 1. The strain measurements were based on ex-
tensometer readings, which were verified using digital image
correlation (DIC). At least three samples were tested per cat-
egory to ensure the accuracy. As is evident, the trend shows an
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Table 1 Chemical composition of DP steels (wt%)

C Mn P S Si Cu Ni Cr Mo Sn Al Zr \% Cb Ti B N,
DP590 0.073 1.97 0.014 0.006 0.017 004 0.01 02 0.172 0.002 0.045 0.001 0.0001 0.005
DP780 0.1 2.163 0.015 0.006 0.014 0.03 0.01 026 0332 0.003 0.048 0.001 0.003 0.001 0.0001 0.006
DP930 0.11 2411 0.013 0.005 0.013 0.027 0.009 0.255 0.385 0.006 0.049 0.005 0.011 0.004 0.002 0.0001 0.0033
DP 1180 0.168 2222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086

increase in strength and decrease in ductility from DP 590 to
DP 1180. Consistent with our earlier observations [52, 53], the
materials show a small amount of anisotropy. Additionally,
some dependence on orientation is present for ETF. In the next
section, microstructural features governing the behavior of
these steels are discussed. The samples exhibited shear local-
ization accompanied with necking followed by fracture,
which will also be shown later. The fact that the necking
region is severely deformed for every specimen before frac-
ture in ST implies that the material away from the neck has a
substantial amount of remaining ductility. Exploiting the duc-
tility of the entire specimen is a motivation for CBT.

Phases, grain structure, and crystallographic texture

Several characterization techniques including SEM with
EBSD and ND were used to characterize the initial micro-
structure of the steels in terms of phase fraction, grain struc-
ture, and texture. The SEM-EBSD characterization was per-
formed using a Tescan Lyra3 GMU FIB field emission scan-
ning electron microscope. Samples were manually sanded
using SiC papers with 400, 600, 800, and 1200 grit, then
polished using water based diamond suspension of 6 pm,
3 um, and 1 pm on a TriDent PSA cloth, and finally polished
to mirror finish using 0.05 pm colloidal silica on a CHEM 2
pad. The mirror finish specimens were etched with 20% Nital
for 15 s. Nital was used in order to etch away the ferrite, and
leave a topographical surface of martensite. Examples of sec-
ondary electron (SE) images for DP 780, DP 980, and DP
1180 are shown in Fig. 2. Image processing of multiple im-
ages per material was performed using Matlab to distinguish
between martensite and ferrite by color, and calculate an av-
erage volume fraction. Average volume fraction of martensite

Table 2 Properties based on the flow curves from Fig. 1

was calculated to be 7.7% for DP 590 [54], 34% for DP 780,
39% for DP 980, and 45% for DP 1180. The phase fractions
were also verified for DP 590 and DP 1180 using EBSD
image quality (IQ) maps, where regions of martensite appear
as dark regions due to scan being indexed as BCC crystal
structure, where martensite has BCT crystal structure.
Increased amounts of martensite in these steels increases the
strength considerably, but also increases their brittleness and
decreases their ductility (Fig. 1).

EBSD was performed using an Edax EBSD detector at-
tached to the SEM detailed above. The steels were polished
to a mirror finish using the same procedure as for SE imaging,
but not etched. Figure 3 shows the inverse pole figure (IPF)
maps of the initial structure for all four DP steels. Scan step
sizes were 0.1 um, 0.1 pm, 0.06 wm, and 0.05 um for DP 590,
DP 780, DP 980, and DP 1180, respectively. Different step
sizes were used in an effort to differentiate feature sizes, as
well as to maximize the size and minimize scan time. All four
scans were indexed for ferrite. The data for DP 590 is taken
from [54]. The maps feature pockets of martensite in increas-
ing amounts from DP 590 to DP 1180. DP 780 and DP 980
exhibit some gradients in crystal orientation within the grains.
Additionally, the ferrite grains in these steels are smaller than
in DP 590 and DP 1180. Thus, it is more difficult to differen-
tiate the martensite groups from the ferrite using EBSD. As a
result, volume fraction of martensite was difficult to estimate
based on confidence index and IQ analysis. Nevertheless,
indexing of both ferrite and martensite was very good owing
to the high quality of polishing. It is worth mentioning that we
have attempted to index martensite as the body-centered te-
tragonal (BCT) structure hoping to succeed, at least for DP
1180. However, it proved to be very difficult to get a good
confidence index, even in large martensite clusters. The BCT

DP 590 DP 780 DP 980 DP 980 DP 980 DP 1180 DP 1180 DP 1180

(RD) (RD) (RD) (45) (TD) (RD) (45) (TD)
0.2% offset yield stress (MPa) 407 528 630 612 634 839 850 851
UTS (MPa) 663 913 987 958 1012 1194 1198 1223
Eng. strain at UTS 0.146 0.109 0.0808 0.0853 0.0658 0.0619 0.0573 0.0545
Eng. strain at fracture 0.187 0.1318 0.0971 0.105 0.0764 0.0767 0.0686 0.064
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Fig. 1 Engineering (dashed lines) and true (solid lines) stress-strain
curves for DP steels along their a rolling direction (RD) and b RD,
transverse direction (TD) and 45° direction from RD/TD in simple

crystal structure of martensite is close enough to the body-
centered cubic (BCC) structure of ferrite, which indexed to a
high confidence index for both ferrite and martensite.

Larger scans of over 100 um in height and width were
taken of the same samples scanned in Fig. 3 in order to get
enough statistics for stereographic pole figures to show texture
in the steels. The scans consisted of over a million indexable
points with high confidence index. Pole figures in Fig. 4 show
the initial texture of the four DP steels considering all indict-
able points, which resemble classically reported orthotropic
rolled texture for BCC materials, where the grains are concen-
trated around the y-fiber and a portion of the -fiber [55-62].
Texture evolution during CBT will be presented for DP 1180
in the results section of the paper. These measurements are
based on ND, which is a more accurate technique for macro-
scopic texture characterization [63—67]. Unlike EBSD, ND
measures textures averaged over mm® to cm® volumes due
to the deep penetration of thermal neutrons into the materials,
combined with beam spot sizes of ~0.1-1 cm?.

CBT testing

CBT has been established as an experiment capable of signif-
icantly increasing ETF in sheet metals [27, 52, 68-70]. The
test closely resembles a classical ST test while suppressing the
instability that limits ST. During CBT testing, a sheet/strip is
pulled in tension and continuously bent/unbent by rollers,
which incrementally deforms the material, depleting its duc-
tility throughout, as opposed to localized necking [18, 71-73].
Universal tensile testing machines furnished with a set of
moving rollers have been typically used for CBT testing [23,
27]. A specialized CBT machine has been previously present-
ed in [70]. This machine is used in the present work (Fig. 5).

The machine is a horizontal tabletop setup, described in
detail in [70]. The other significant contrast to the tensile test-
ing machine for CBT [23, 27] is that the specimen passes
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tension (ST) under a strain rate of 10> s!. Note that the line type differ-
entiates testing directions, while different colors represent materials.
Dashed line is consistently used for the “Engineering” curves (Table 2)

through the rollers rather than the rollers passing over the
specimen. The main benefit of stationary rollers is that as the
length of the specimen increases with the pull of the hydraulic
cylinder, the entire gauge section of the specimen is still sym-
metrically traversed through the rollers, where at the begin-
ning and the end of the cycle the rollers return to the same
exact location. This is accomplished by using a mechanical
limit switch attached to the grip on the hydraulic cylinder.
Thus, the 1x, 2x, and 3x deformation regions remain distinct.
The regions would interfere if the rollers would be moving for
a constant value of stroke like in the moving rollers machine
adaptations [23, 27]. The stationary rollers also allow for easy
observations, in real-time, of the process zone around the three
rollers. The machine is designed for CBT testing of wide
sheets, beyond the strips reported here.

The roller assembly is attached to the base, which is the
only stationary component. The three rollers are 25.4 mm in
diameter, 200 mm in length. The bottom rollers are spaced
27 mm from the center roller. The two bottom rollers are in
a fixed position, and the center top roller is lowered to create
bending at a bend depth measured using gauge blocks. The
bend depth is defined by the distance from zero that the center
roller is lowered, 8. The value is often divided by the material
thickness, t (8/t) to create a normalized value. The carriage,
along with the hydraulic cylinder and gripped specimen, cycle
back and forth on the base using a ball screw. The speed of the
ball screw is a constant 66 mm/s for every experiment, except
at the end of each stroke of the carriage, where it stops to
reciprocate. The specimen is gripped on the left and right side
of the stationary roller setup, each attached to a load cell to
measure force. Only the data from one load cell is necessary to
report because, with the exception of which direction the car-
riage is moving, they are reading the same force, but the peak
and valley force alternate between maximum and minimum
values. The load cell from which all the reported data is taken
is a Futek compression load cell with a capacity of 22.4 kN.
The grip on the right side of the stationary rollers is attached to
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Fig. 2 Secondary electrons (SE) micrographs showing ferrite and mar-
tensite in samples of a DP 780, b DP 980, and ¢ DP 1180. View field is
50 um in width and 40 pum in height for each image. Dark etching areas
are ferrite, while the white islands are martensite. Volume fraction of
martensite is 7.7% for DP 590 [54], 34% for DP 780, 39% for DP 980,
and 45% for DP 1180

a Sheffer hydraulic cylinder with a 310 kN pull force capacity
which applies the tension, and a Balluff Micropulse displace-
ment sensor to record displacement of the cylinder crosshead.
Two limit switches are used to control the stroke of the car-
riage. One is a ferromagnetic switch attached to the front of
the stationary base, which senses the leading edge of the car-
riage. The second is a mechanical switch which is triggered by
an extrusion from the rear side of the roller assembly. A cycle
is defined as two strokes, where the carriage first reaches the
opposite side, and then returns back to its original position.
Each test begins with a cycle without tension, only bend-
ing. After the first cycle, the hydraulic cylinder introduces
tension at a constant crosshead velocity. The test is then

continued until the specimen fractures, or the number of cy-
cles in an interrupted test are met. If the CBT process is
interrupted after a certain number of cycles, any residual duc-
tility as well as strength of the material can be assessed by
secondary tensile tests [26]. The number of CBT cycles re-
ported does not include the first cycle of only bending. In the
case of interrupted testing, the number of cycles stated are
CBT cycles. Interrupted CBT experiments were performed at
the ideal parameters which are defined later, and were ran up
to a defined number of cycles (2, 4, 6, 8, 10, and 12). Then the
machine was stopped without fracturing the specimen. From
this unbroken specimen, subsize specimens are machined
using wire EDM.

Each CBT specimen is dog bone shaped, shown in Fig. 6.
The gauge section of each CBT specimen is 200 mm in length
and 11.7 mm in width. The deformation in the gauge length is
defined by three different regions [26, 70]. The specimen is
gripped so that these deformation regions are symmetrical
across the length of the specimen. The 1x region is only tra-
versed by one roller per cycle, meaning that region is only
bent and unbent once per cycle. The 2x region is only tra-
versed by two rollers per cycle, being bent and unbent twice,
and similarly the 3x region, being bent and unbent three times
per cycle. These regions are important to define in order to
concentrate on the area that is undergoing the most deforma-
tion (3x region). This region is where the subsize specimens
are machined from. The subsize specimens are ASTM E8 with
a gauge section 32 mm in length and 6 mm in width. The
entirety of the subsize specimen gauge section is machined
from the 3x region of the interrupted test specimens. These
specimens are pulled in secondary ST at a constant strain rate
of 107 57! to evaluate their enhancement in strength and re-
sidual ductility. The secondary ST experiments were per-
formed on the MTS machine, which is used for the ST exper-
iments of Fig. 1.

Results

Typical force-displacement curves recorded during CBT test-
ing are presented in Fig. 7. The increase in elongation to frac-
ture over ST is evident, as well as the decrease in necessary
pull force. The CBT curves are characteristic compared to
standard material characterization curves, with a repeating
pattern of peaks and valleys. The peaks correspond to the
carriage stopping to reverse direction, creating pure tension
because the hydraulic cylinder pulls the specimen at a constant
rate independent of carriage movement. The valleys corre-
spond to the carriage being at constant velocity within the
cycle, where there is both bending and tension. The peaks
and valleys have alternating maximums and minimums de-
pending on the stroke of the carriage. If the carriage is moving
away from the load cell, the peaks and valleys are at a
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Fig. 3 Inverse pole figure (IPF)
maps of the initial microstructure
for a DP 590, b DP 780, ¢ DP
980, and d DP 1180. The colors in
the maps represent the orientation
of the sample axis perpendicular
to the maps with respect to the
local crystal lattice frame accord-
ing to the IPF triangle. The scale-
bar shown in the maps is 10 pm

maximum, and if the carriage is moving toward the load cell,
the peaks and valleys are at a minimum [70]. DP 590 and DP
780 show higher forces relative to DP 980 and DP 1180 which
is attributed to the higher sheet thickness. In contrast, consid-
ering that the addition of bending to the tensile load lowers the
force required to reach the plastic flow stress of the material on
the outward surface of the strip, thicker sheets require lower
forces because of larger bending curvature and resulting
stress/strain.

The combination of a bending stress with a tensile force in
a CBT setup leads to a non-symmetric stress profile of tension/
compression, with the neutral axis cyclically shifting towards
the surface of the roller over which the sheet is passing (Fig.
6b, c¢). The effect is a function of sheet thickness. The CBT
processing is conducted at a uniaxial stress level below the
yield stress of the material. In addition to the influence of
bending, the Bauschinger effect is present due to the reverse
loading as a point of the strip moves from bending in tension
(with, e.g., a roller above it) to bending in compression (with,
e.g., a roller below it) in a cyclic fashion. This also serves to
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reduce the required load for plastic deformation. As already
explained, a higher bend depth requires a lower force for the
elongation. At a lower crosshead velocity, the number of
bending/unbending operations to obtain a certain elongation
is higher, while the observed force is lower. Here, the
deforming though-thickness stress profile of the axial stress
spanning the gauge section of the specimen is more frequent.

In a recent work, we have carried out CBT on DP 1180
steel [52]. Over five times improved ETF for DP 1180 ob-
served in that work provided a promising means to evaluate
the effect of CBT for other AHSS. Similar to the earlier work
involving DP 1180, we begin by performing a parameter
study to determine the ideal bend depth and crosshead veloc-
ity for the highest amount of ETF for DP 980. Three material
directions were explored in this parameter study, RD, TD, and
45° from the RD or TD. Five different normalized bend depths
and two different crosshead velocities were used in determin-
ing the optimal parameters. The normalized bend depths used
were 2, 2.5, 2.75, 3.5, and 4.25. The two crosshead velocities
used in the parameter study were approximately 1 mm/s, and
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Fig. 4 Stereographic pole figures measured using EBSD showing initial
texture in the sheets of a DP 590, b DP 780, ¢ DP 980, and d DP 1180

1.35 mm/s. Velocities are approximate values due to the nature
of the experimental setup, where the input is a voltage for the
hydraulic cylinder, not a specific velocity value. After seeing a
decreased benefit at 1.75 for the slower velocity, 2 was the
minimum normalized bend depth used at the fastest velocity.

Figure 8 shows the results of the parametric study. The
plots on the right show ETF in CBT normalized by ETF in
ST to better reveal the significant improvements in ETF rela-
tive to ST. The results for DP 1180 are also provided to facil-
itate the comparisons. In the TD direction, both DP 980 and
DP 1180 were tested at 1.2 mm/s crosshead velocity and nor-
malized bend depths of 2.5 and 3.5 for comparison to earlier
experiments involving an aluminum alloy, AA6022-T4 [70].

Limit
switches

Roller

Hydraulic

assembly Bl cylinder
| cyh

| specimen

Fig. 5 Main components of the CBT machine

In the majority of cases for all three directions of DP 980, a
normalized bend depth of 3.5 and crosshead velocity of
1.35 mm/s were considered to be the ideal parameters for
increased elongation to fracture. For these parameters, the
material is not under- or over-bent, and thus, more displace-
ment before fracture is possible. If under-bent, the strip/sheet
is exposed to ST, primarily. With increasing the crosshead
velocity for a fixed amount of bending more of the deforma-
tion is caused by ST than bending. Since plastic deformation
occurs only in the region underneath the rollers, the amount of
the sheet exposed to ST increases as the area of contact be-
tween the rollers and the sheet reduces with crosshead veloc-
ity. As is evident, with increasing the crosshead velocities up
to a certain level, even though there is more ST deformation in
the sheet, more displacement before fracture can be achieved.
Howeyver, there is a limit to the increase in the crosshead ve-
locity and thus ST in the sheet, after which the displacement
before fracture would reduce [52]. If over-bent, the introduced
bending fields lower the displacement before fracture.
Moreover, the effect of friction is more significant when the
wrapping around the rollers increases. In summary, ETF im-
proves with the crosshead velocity and with the bending depth
up to a certain level, after which it decreases. A faster cross-
head velocity of 2 mm/s was explored with DP 1180 [52], but
due to minimal increase in elongation to fracture, the slower
velocity of 1.35 mm/s was chosen for the ability to run more
cycles before fracture which is valuable for interrupted testing.
In some cases, DP 980 showed better results at a normalized
bend depth of 4.5, but for consistency, a normalized bend
depth of 3.5 and crosshead velocity of 1.35 mm/s were chosen
as optimal for future interrupted experiments. It should be
noted that the observations are based on the discrete tests
described here. A rigorous optimization study likely involving
a combination of experiments and simulations could arrive at
true optimal values for these parameters maximizing ETF. In
summary, DP 980 parameter testing proved the same trend as
DP 1180 where the faster crosshead velocity along with 3.5
normalized bend depth resulted in a higher elongation to frac-
ture. Moreover, the study revealed even better behavior in
CBT of DP 980 than DP 1180, suggesting that lowering the
content of martensite from 45% for DP 1180 to 39% for DP
980 is beneficial for ETF in CBT.

The optimal parameters were also used to test DP 590 and
DP 780. Three tests were performed to further evaluate the
effect of martensite and sheet thickness on the CBT behavior.
Both steels were tested at 1.2 mm/s crosshead velocity and
normalized bend depths of 2.5 and 3.5 for comparison, and the
chosen ideal parameters of 1.35 mm/s crosshead velocity and
normalized bend depth of 3.5. DP 590 only fractured in the
case of 2.5 normalized bend depth and 1.2 mm/s crosshead
velocity due to the limits of the hydraulic cylinder. The results
are shown in Figs. 7 and 8. Based on lower content of mar-
tensite in DP 780 (34%) relative to DP 980 (39%), one would
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Fig. 6 a Schematic of a CBT specimen with a subsize specimen for
subsequent ST. The initial CBT specimen has a gauge section length of
200 mm and 11.7 mm width. The subsize specimen has a gauge section
length of 32 mm and 6 mm width. The deformation regions, 1%, 2x, and
3x, are indicated, defined by roller location. b Photograph showing a side
view of the local geometry of the strip during CBT. ¢ Schematic of the

expect better behavior in CBT. However, the increase in sheet
thickness from 1 mm to 1.4 mm has a significant effect dete-
riorating the CBT behavior. For the final verification of the
effects of thickness and martensitic content, we tested DP 590.
The expectation is better behavior in CBT relative to DP 780
because of lower content of martensite (7.7%) and reduced
thickness to 1.3 mm. The results in Fig. 8 show the expected
trend. The two maximum points for DP 590 overlap because
the specimens in these tests never fractured before the entire
stroke of the hydraulic cylinder was consumed. The true value
at fracture for both of these tests would be higher than shown.

Secondary ST testing of the interrupted specimens proc-
essed by CBT was performed to explore the enhanced strength
and residual ductility of all four AHSS. Additionally, these
specimens for DP 1180 were used to study texture evolution
during CBT. These CBT tests were run at the chosen ideal
parameters of 1.35 mm/s crosshead velocity and 3.5 normal-
ized bend depth. CBT tests were run to a specified number of
CBT cycles without fracturing the specimen. Then, the test
was stopped. All four steels were run to 2, 4, 6, and 8 CBT

15 / \
gm
)
e
&
5
——DP590
——DP780
0
0 50 100 150

Displacement (mm)

Fig. 7 Typical force-displacement curves during CBT testing (with
spikes and plateaus). These curves are recorded during testing under a
crosshead velocity of 1.35 mm/s and a normalized bend depth of 3.5 in
the RD. The corresponding simple tension curves (with no spikes and
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ST CBT

axial stress/strain state in a strip that is bent in pure bending elastically,
stretched in ST, and bent elastically and stretched at the same time under-
neath the middle roller in CBT. The neutral axis would shift similarly for
an elasto-plastic stress/strain state in the strip but the stress/strain profiles
would be nonlinear

cycles, and some up to 10 and 12 CBT cycles, if possible
before fracture. ASTM E8 subsize tensile specimens were
then machined from the CBT processed specimens and pulled
in ST at a strain rate of 10 s . Both DP 590 and DP 780
were tested in the RD direction, and DP 980 and DP 1180
were tested in the RD and TD. Results are shown in Fig. 9.
The appendix Table 3 summarizes the material properties ex-
tracted from these tests.

All four steels, in all three directions revealed the same
trend: increased strength and decreased ductility with the in-
crease in number of CBT cycles. The yield stress and UTS
increase with increased number of cycles, and engineering
strain at UTS and fracture decrease with increased number
of cycles. Another interesting result is the significant amount
of necking in each test, observed by the engineering stress
strain curves in Fig. 9. ST tests of the initial material have
very little necking as seen in Fig. 1, compared to the signifi-
cant amount of necking in the ST testing of the subsize spec-
imens. The post-uniform elongation does decrease with in-
creased number of CBT cycles, as expected with the decrease

15
210
(]
2
&
5
——DP980
——DP1180
0
0 50 100 150

Displacement (mm)

plateaus) are shown for reference. The thicknesses of the as-received
sheets are 1.3, 1.4, 1 and 1 mm for DP 590, 780, 980 and 1180, respec-
tively. DP 590 curve is not to fracture, but to the limits of the machine
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in ductility. The strengthening is higher for low martensite
containing steels, which could be attributed to formation of
dislocation substructures in ferrite [74]. Future research will
attempt to develop a methodology for inferring post-necking
behavior of these steels based on the data presented in Fig. 9.

The interrupted CBT test specimens were also used to study
texture evolution in DP 1180 during CBT. ND was conducted on
eight different samples using the High Pressure/Preferred
Orientation (HIPPO) beam line at the pulsed neutron spallation
source at LANSCE, Los Alamos National Laboratory, which is a

Normalized bend depth

neutron time-of-flight diffractometer for bulk microstructural
characterization of materials at ambient and non-ambient (tem-
perature, pressure, and load) conditions [75]. The eight different
samples are: initial material, sample fractured in ST in the fracture
zone, sample fractured in ST away from the fracture zone, but
within the gauge section, and the 3x region of CBT processed
interrupted specimens at 2, 4, 6, and 8 CBT cycles. A 2 mm slit
was used to measure texture approximately 2 mm from tips over
the entire sample width and thickness. Count time was equivalent
to approximately 20 min at a proton current of 100 microA. The
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Fig. 9 Engineering (dashed lines) and true (solid lines) stress-strain
curves measured under a strain rate of 107 s after interrupting CBT
processing at 1.35 mm/s crosshead velocity and 3.5 normalized bend
depth to a certain number of CBT cycles indicated in the legends for a
DP 590 along RD, b DP 780 along RD, ¢ DP 980 along RD (on the left)
and TD (on the right), and d DP 1180 along RD (on the left) and TD (on
the right)

technique measures many inverse pole figures (i.e. in 135 sample
directions) ensuring a sufficient coverage to fit an orientation
distribution function (ODF) in a simultaneous Rietveld refine-
ment of 135 patterns, including also structural parameters such as
lattice parameters and weight fractions [76]. Rietveld refined
ODF is then used to obtain pole figures per sample. Both ferrite
and martensite are included in the measurements because their
diffraction peaks overlap. The ODF analysis of the data was
completed using MAUD [76] with 7.5 degree resolution, while
the pole figures are plotted in MTEX [77].

Figure 10 shows measured pole figures of the initial texture
and those after ST testing. Similarity between pole figures in
Fig. 4 (measured using EBSD) and those in Fig. 10 for the
initial texture of DP 1180 indicates that the size of the EBSD
scans was sufficient to obtain the texture data. Considering
relatively small plastic straining of DP 1180 in ST, texture
does not evolve substantially, even in the region at and near
the fractured surface. The texture in the deformed samples in
ST still resembles rolling texture. Nevertheless, some evi-
dence of {011} pole aligning with loading in the TD direction
can be observed. Formation of the {011} fiber texture is ex-
pected for BCC metals deformed in ST [56]. The fiber is more
pronounced around the fracture zone than away from it

a {001} {011} (111}

Max:

Max:
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Fig. 10 Stereographic pole figures of DP 1180 measured using the
neutron diffraction technique showing texture in the TD a initial, b after
ST away from fracture but within gauge section, and ¢ after ST around the
fracture zone of the sample

{011} (111}

a {001}

Fig. 11 Stereographic pole figures measured using the neutron diffraction
technique showing texture evolution for DP 1180 during CBT along the
TD aftera 2 CBT cycles, b4 CBT cycles ¢ 6 CBT cycles, d 8 CBT cycles,
and e 9 CBT cycles at fracture. The CBT testing was performed under 3.5
normalized bend depth and 1.35 mm/s crosshead velocity

because the greatest level of strain is present near the fractured
surface. The texture evolution in CBT is shown in Fig. 11.
Similar to ST, the {011} poles show the most evolution where
the preferred orientation aligns with the TD stretching direc-
tion. As is evident, texture in CBT evolves substantially more
than in ST. In summary, texture evolution in CBT forms a
more pronounced {011} fiber along the stretching direction
than in ST, revealing that the deformation in CBT could ex-
tend to greater strain levels facilitating more texture evolution
than those reached at the fracture location in ST.

Discussion

In this work, the recently built experimental apparatus for CBT of
metallic sheets is utilized to evaluate the role of cyclic bending on
ETF enhancements for several DP AHSS: DP 590, DP 780, DP
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980, and DP 1180. The effect of CBT process parameters (the
normalized bend depth and crosshead velocity) in order to max-
imize the ETF is explored. Results for DP 980 show the remark-
able effect of CBT on the ETF and improvement over the results
obtained earlier for DP 1180. It is observed that increasing the
normalized bend depth and increasing the crosshead velocity
increases the ETF, until a peak enhancement is reached. Under
a normalized bend depth of 3.5 and crosshead velocity of
1.35 mmy/s, ETF of both DP 980 and DP 1180 improves over
five times compared to ST for every tested direction. In addition
to testing, a combination of electron microscopy along with
EBSD and ND is employed in order to assess the initial micro-
structure, evolution of crystallographic texture, and fracture
mechanisms for the studied steels. Texture evolution in CBT
forms a more pronounced {011} fiber along the stretching direc-
tion than in ST, revealing that the deformation in CBT could
extend to greater strain levels than those reached at the fracture
location in ST. To the authors’ knowledge, this is the largest ever
observed change in texture during tension of DP 1180.

The objective of the current work was also to compare
the effect of CBT on improved ETF for DP steels as a
function of their martensite content and sheet thicknesses.
Volume fraction of martensite per steel is estimated to be
7.7% for DP 590, 34% for DP 780, 39% for DP 980, and
45% for DP 1180. To this end, samples of DP 590 and DP
780 were tested under the optimal parameters. The role of
thickness comes from the level of applied bending stress/
strain, which scales with curvature and sheet thickness.
The addition of bending-induced tensile stress to the ten-
sile stress due to stretching is larger for thicker sheets. As a
result, a lower force is required to reach the plastic flow
stress of the material in the outer surface (top and bottom)
of the strip for thicker sheets for a given width (i.e. cross-
sectional area). Better behavior in CBT of DP 980 than DP
1180 implies the role of martensite, i.e., the lower the con-
tent, the larger ETF effect. The CBT behavior of DP 780
should be enhanced considering the content of martensite.
However, the increase in sheet thickness significantly de-
teriorated the CBT behavior. The effect of thickness and
martensitic content is finally verified after testing of DP
590 sheets in CBT. A superior CBT behavior is obtained
with DP 590 relative to DP 780 because of the lower con-
tent of martensite and the reduced sheet thickness.

One interesting trend to note is the fracture angle of a speci-
men processed by CBT. Figure 12 shows photographs of frac-
tured specimens in ST and CBT. In ST, DP steels fracture at an
oblique angle relative to the stretching direction after necking
[78]. However, under CBT testing, all the DP steels fractured at
a 90° angle relative to the stretching direction after some amount
of necking near fracture, though not as large as in the case of ST.
Figure 12 also compares SEM imaging of the fractured edge of
DP 1180 specimens fractured in both monotonic ST and CBT.
As expected due to necking at the fracture site, both samples
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show microvoid coalescence, which is an indication of ductile
fracture. However, the fracture voids in ST are much coarser.
Comparing micrographs in Fig. 12¢ (ST after interrupting CBT
processing to only 2 CBT cycles) and Fig. 12d (ST after
interrupting CBT processing to substantial 10 CBT cycles) also
indicated that CBT processing is reducing size of the dimples. In
general, dimples are known to be finer in size after low cycle
fatigue fracture than monotonic ST fracture [79]. Moreover, there
also appears to be some brittle fracture through the martensite
grains in ST, especially visible in Fig. 12a, c. The insert in
Fig. 12c also shows evidence of secondary cracks in martensite
forming during plastic deformation. Thus, ductile failure in the
ferrite matrix (coarse dimples) are combined with the interfacial
fracture with some brittle, flat failure surfaces cutting through
martensite grains for ST. Similar findings were also reported in
[45] for other high martensite volume fraction DP steels in which
the fracture is, like here, influenced by the contrasting phase
characteristics and driven by ferrite/martensite interface
decohesion and fracture of martensite regions in addition to
microvoid coalescence. None of the fractographs show the con-
tent of 45% martensite meaning that fracture favors ferrite or
interfaces. Considering that the flat surfaces through martensitic
grains are primarily seen for the samples fractures in monotonic
ST and pre-deformed in CBT followed by ST indicates that
fracture in CBT exhibits much more ductile character, which is
dependent on existence of fine ductile dimples through ferrite,
than fracture in ST. The insert in Fig. 12d shows fracture of a
martensite region surrounded by microvoids.

In closing, as CBT has been shown to stretch a ductile sheet
metals significantly more than ST, the test can be used to
characterize sheet metals at very large strains. Such character-
ization is useful for the FEM analysis of sheet metal forming
operations because many such operations often strain the ma-
terial beyond the uniform elongation achieved in ST. It is also
anticipated that the observations in terms of the improved
formability can be utilized in real forming processes of metal-
lic sheets. For example, reciprocating rollers in the binder area
or a wavy contour in the forming cavity over which the sheet
traverses could be incorporated into drawing processes in or-
der to take advantage of the enhanced elongation observed in
CBT processing.

Conclusion

This work presented significant improvements in ETF
achieved by imposing bending during stretching using a
CBT process for several DP steels. The CBT test incremen-
tally elongates the entire gauge length of the specimen
preventing localization of deformation and the necking insta-
bility. Remarkably, for an optimized set of CBT parameters,
these improvements obtained for 1 mm thick DP 980 and DP
1180 can be over five times greater relative to ST. The other
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Fig. 12 Fractured samples and
SE micrographs showing
fractured surfaces of DP 1180 in a
ST at a strain rate of 10 s, b
CBT to fracture at 1.35 mm/s
crosshead velocity and 3.5
normalized bend depth, ¢ ST after
interrupting CBT processing at 2
CBT cycles, and d ST after
interrupting CBT processing at 10
CBT cycles. The samples were
tested along RD, while the
micrographs are perpendicular to
the fracture surface. View field for
images on the center is 200 pum in
width and 150 pm in height,
while those on the right are

50 pm x 40 um. The inserts in (c)
and (d) are 15 um wide. A few
flat failure surfaces cutting
through martensite grains are in-
dicated by white circles in (a)

studied AHSS sheets of DP 590 and DP 780 had different
thicknesses, in addition to intrinsically containing different
fractions of ferrite and martensitic phases. Based on compre-
hensive data, it is found that lowering of the martensitic con-
tent moderately improves ETF, while increasing of the sheet
thickness rapidly deteriorates ETF, under CBT. The behavior
in tension of sheets that were subjected to CBT processing
under the established optimal process conditions has also been
investigated, to determine enhancement in strength and any
residual ductility of the materials. These secondary ST tests
showed that the AHSS exhibited a higher yield stress and
decreased elongation relative to the ST response of the as-
received material. The strength of the material increased with
the number of CBT cycles and the effect was greater in sheets
with less martensite. Characterization of texture evolution af-
ter CBT testing to certain number of cycles found that texture
forms a more pronounced {011} fiber along the stretching
direction than in ST. As such, texture evolution is evidence
that the deformation in CBT could extend to far greater strain

levels than those reached at the fracture location in ST.
Fractured surfaces after CBT are found to consist of fine duc-
tile dimples, while those after ST consist of coarser dimples,
interfacial fracture, and some content of brittle flat martensitic
regions. Thus, even for high martensite containing steels, con-
ventional microvoid coalescence in the ferrite phase can be a
prevalent fracture mechanism.
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Appendix
Table 3 Properties based on the
flow curves from Fig. 9 DP 590 Tension 2 cycles 4 cycles 6cycles 8cycles 10 cycles 12 cycles
0.2% offset yield stress 407 641 665 704 742 1011 1011
(MPa)
UTS (MPa) 663 744 781 816 864 1061 1078
Eng. strain at UTS 0.146 0.0609 0.029 0.0283 0.0253 0.0244 0.0234
Eng. strain at fracture 0.187 0.155 0.111 0.0898 0.07 0.052 0.052
DP 780 Tension 2 cycles 4 cycles 6 cycles 8 cycles 10 cycles
0.2% offset yield stress 528 793 811 895 901 905
(MPa)
UTS (MPa) 913 1011 1080 1122 1151 1187
Eng. strain at UTS 0.109 0.02988  0.0266 0.0249 0.0252 0.0248
Eng. strain at fracture 0.1318  0.1086 0.0675 0.0538 0.0411 0.0369
DP 980 (RD) Tension 2 cycles 4 cycles 6 cycles 8 cycles
0.2% offset yield stress 630 849 886 909 944
(MPa)
UTS (MPa) 987 1102 1165 1192 1242
Eng. strain at UTS 0.0808  0.0265 0.0262 0.0248 0.027
Eng. strain at fracture 0.0971 0.0734 0.061 0.044 0.05
DP 980 (TD) Tension 2 cycles 4 cycles 6 cycles 8 cycles
0.2% offset yield stress 634 908 956 961 1031
(MPa)
UTS (MPa) 1012 1134 1190 1224 1257
Eng. strain at UTS 0.0658  0.030 0.0268 0.0261 0.0232
Eng. strain at fracture 0.0764  0.0664 0.0472 0.0398 0.0360
DP 1180 (RD) Tension 2 cycles 4 cycles 6 cycles 8 cycles 10 cycles
0.2% offset yield stress 839 1197 1311 1354 1382 1454
(MPa)
UTS (MPa) 1194 1285 1385 1459 1477 1534
Eng. strain at UTS 0.0619  0.0169 0.0161 0.016 0.0144 0.018
Eng. strain at fracture 0.0767  0.0626 0.0467 0.0358 0.0267 0.0333
DP 1180 (TD) Tension 2 cycles 4 cycles 6 cycles 8 cycles
0.2% offset yield stress 851 1214 1315 1341 1396
(MPa)
UTS (MPa) 1223 1328 1404 1460 1489
Eng. strain at UTS 0.0545  0.0169 0.014 0.0137 0.0151
Eng. strain at fracture 0.064 0.0486 0.0348 0.0295 0.0266
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