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A B S T R A C T   

This paper describes the main results obtained from a detailed experimental investigation into the dislocation 
and twinned structures that develop in dual phase (DP) steel sheets. In particular, the morphology and defect- 
structures present in DP 1180 steel having 55% ferrite and 45% martensite, were examined using trans
mission electron microscopy (TEM). Microstructure of the as-received DP 1180 consists of a twin-free martensite 
phase in the form of lath and island morphologies and a ferrite phase exhibiting a relatively low dislocation 
content (3.41 × 108 cm−2). The steel was deformed in simple tension (ST) to fracture and in continuous-bending- 
under-tension (CBT) to six cycles. As the CBT test facilitates stretching of the sheet considerably beyond the point 
of necking, strength increases and substantially exceeds that achieved in ST at fracture. As a consequence of 
plastic deformation, nano-twins are found in the island-shaped martensite, while the lath-shaped martensite 
remains twin-free. Additionally, some martensite regions develop a needle-like morphology after CBT. As 
dislocation density in the ferrite matrix increases with plastic strain, dislocation structures and accumulations of 
dislocations near the ferrite/martensite interface develop in the ferrite. Unlike in the as-received and ST- 
deformed DP 1180 samples, high density of dislocations (1.47 × 109 cm−2) and dislocation tangles are 
observed in ferrite regions of the CBT processed sample. We propose that the primary mechanisms enabling the 
achievement of high strength, while maintaining residual ductility upon CBT are intense plastic slip in the ferrite 
and profuse nano-twinning in the martensite regions.   

1. Introduction 

In order to build lighter, better performing, and more crashworthy 
vehicle structures, advanced-high-strength-steels (AHSS) are being 
developed and used in designs. Examples of AHSS are steels known as 
dual-phase (DP) steels. Understanding and optimizing the microstruc
ture of DP steels to achieve higher formability, strength, and work 
hardening in conjunction with higher energy absorption in crash loading 
conditions is subject of ongoing research [1–8]. 

Properties of DP steels are governed by microstructural features such 
as the volume fraction and distribution of ferrite and martensite phases, 
texture per phase, grain size, and chemistry i.e. carbon content in 
martensite regions. The ferrite and martensite phases have slightly 
different crystal structures but highly contrasting mechanical charac
teristics. Simultaneous improvement of strength and formability of DP 

steels is possible by varying the volume fraction and distribution of 
phases [9–11]. The deformation of DP steels is highly heterogeneous and 
driven by the evolution of the local stress-strain fields among these 
phases. Regions of large ferrite grains deform earlier than small ferrite 
grains [12]. Severe strain localizations and voids form within such large 
ferrite grains, ferrite channels between martensitic regions, and also at 
ferrite/martensite interfaces [2,12,13]. Therefore, DP steels can exhibit 
limited uniform ductility prior to fracture (~10–15%) in sheet forming 
[14–19]. 

In a few investigations, it has been shown that the martensite phase 
in DP steels could deform plastically along with the ferrite, however, the 
macroscopic strain at which the martensite begins to deform is depen
dent on various microstructural parameters such as the volume fraction 
of the martensite and carbon atom content in the martensite phase 
[20–24]. Low carbon atom content in martensite can make martensite 
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relatively soft and thus deform plastically. Das et al. [25] observed high 
dislocation content in martensite regions of DP 800 steel deformed 
under high strain rate conditions. Mazinani et al. [22,23] also reported 
that the martensite phases in DP steels with martensite volume fraction 
higher than 25%, could deform plastically during tensile straining and 
induce rapid hardening. Recent nanoindentation and micropillar 
compression tests revealed that the martensite phase in DP steels is 
amenable to plastic deformation in the early stages of deformation [26]. 
In addition to the activation of the in-lath-plane slip system, sliding 
motion of adjacent martensite blocks along the interface was observed 
[27]. These observations indicate that the martensite phase in DP steels 
could deform plastically along with the soft ferrite matrix to accom
modate a portion of plastic strain during deformation. However, in 
contrast to the well understood ferrite phase, the actual nature of slip or 
twinning that is responsible in accommodating the plastic strains in 
martensite phases remains to be clarified. At the very least, the 
frequently observed twin structures in martensite phases of various 
deformed steels suggest that martensite could accommodate strains by 
mechanical twinning during its formation from the austenite [28–34]. 
Besides, a number of material models used to interpret and predict the 
deformation behaviour of DP steels consider the martensite phase to 
deform elastically [35,36]. In contrast, other material model formula
tions provided good prediction of strain path reversals in DP steels only 
after considering the martensite phase to accommodate some plastically 
[37,38]. 

In addition to the optimization of microstructure in DP steels for 
higher ductility, strength, and energy absorption during crash, it is 
desirable to reduce forming forces in the sheet metal forming operations 
for reduced energy consumption [39]. Sheet metal forming processes are 
being innovated to exploit the intrinsic ductility throughout the sheet, 
avoiding localized necking and subsequent failure triggered by necking. 
One such innovation is a continuous-bending-under-tension (CBT) 
process/test, which achieves plastic strains well beyond those in con
ventional forming limited by necking [40–42]. The beneficial effect of 
bending superimposed on tension to enhance the stretchability of sheets 
was observed in Ref. [43], as well as in forming of sheet involving 
drawbeads [44]. In the CBT process/test, the sheet specimen is cyclically 
bent and unbent by rollers while pulled in tension. As the deformation is 
facilitated by the bending in addition to tension, the process deforms a 
sheet with a much lower force than would be required by solely tension. 
In CBT, the bending under tension is restricted to the region of the sheet 
underneath the rollers resulting in an incremental forming conditions. 
Such conditions delay localization and necking facilitating relatively 
uniform straining throughout the sheet as opposed to localized defor
mation via necking. The key difference between the CBT process and 
simple tension (ST) is in the uniform ductility depletion throughout the 
sheet in CBT, whereas necking occurs in ST with most the sheet (i.e., 
outside of the necked region) having ample remaining ductility [45–47]. 
The concentrated deformation at fracture upon ST has been estimated as 
similar to the deformation over the entire gauge length of a CBT tested 
specimen for AA6022-T4 [40,48,49] and even larger for DP steels 
[50–53]. The CBT process can be interrupted after a certain number of 
cycles to evaluate achieved strength and any residual ductility in the 
sheet by secondary ST tests [40,53]. 

Taking advantages of the improved stretchability achieved by CBT, 
in this work, we study the plasticity and structure evolution of ferrite 
and martensite phases in DP 1180 steel at severe strains. To better 
elucidate the effect of the extreme straining, we investigate the same 

aspects of the material after testing in ST to fracture. As a reference, we 
also study the same aspects for the as-received material. We employ 
transmission electron microscopy (TEM) to examine the structure, 
morphology, orientation and the defect structure present in the ferrite 
and martensite regions of these deformed samples as well as the as- 
received DP 1180. Electron back scattered diffraction (EBSD) and 
neutron diffraction (NeD) methods were used to examine the texture, 
grain structure, and martensite morphologies at a coarser scale. The 
obtained results were compared and discussed in detail to explain the 
accommodation structures that are responsible for the achievement of 
high strength, while maintaining residual ductility of DP 1180 upon 
CBT. 

2. Material and experimental methods 

2.1. Material 

The as-rolled DP 1180 steel sheets studied in the current work were 
obtained from the US Steel [54]. The sheets came from their continuous 
annealing line and were received as bare. The chemical compositions is 
provided in Table 1. Thermo-mechanical processing history and, in 
particular, the degree of tempering of DP 1180 sheets pertains to the 
processing recipe at US Steel. Carbon content of the martensitic phase 
was not measured. The bulk chemistry along with the measured phase 
fractions and an approximately zero content of carbon in the ferrite can 
be used to estimate the average value. However, the content varies 
spatially from early-formed to late-formed martensite during the 
quenching process [55,56]. Attempting to simultaneously map element 
distribution locally through reconstructing 3D maps from 3D atom 
probe tomography measurements and TEM of deformation structures 
would be a worthy but a challenging task. The sheets had thickness of 1 
mm. 

2.2. Microstructural characterization methods 

EBSD was employed to characterize the initial grain structure and 
phase fractions and distribution of DP 1180 using a Tescan Lyra3 GMU 
FIB field emission scanning electron microscope. The scanning was 
performed using an Edax EBSD detector attached to the SEM. Samples 
were prepared using SiC papers with 400, 600, 800, and 1200 grit, then 
polished using water-based diamond suspension of 6 μm, 3 μm, and 1 μm 
on a TriDent PSA cloth, and finally polished to mirror finish using 0.05 
μm colloidal silica on a CHEM 2 pad. Scan step sizes was 0.05 μm. While 
we have attempted to index martensite as the body-centered tetragonal 
(BCT) structure, we were only able to index ferrite. The BCT 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. 

Neutron diffraction was employed in order to obtain bulk texture 
measurements. For these measurements, the neutron time-of-flight 
diffractometer at the High Pressure/Preferred Orientation (HIPPO) 
beam line at the pulsed neutron spallation source at LANSCE, Los Ala
mos National Laboratory was used [57,58]. 

The orientation and defect structure present in ferrite and martensite 
regions of DP 1180 steels were investigated using TEM, with a JEOL JEM 
2100F-AC TEM operating at 200 kV. The TEM lamella were not prepared 
via conventional mechanical grinding, polishing and the subsequent 
thinning using PIPS. Instead, to produce high quality lamella without 

Table 1 
Nominal chemical composition of DP 1180 steels (wt.%).  

C Mn P S Si Cu Ni Cr Mo 

0.168 2.222 0.015 0.0053 1.421 0.021 0.007 0.036 0.013 
Sn Al Zr V Nb Ti B N  
0.007 0.051 0.005 0.012 0.007 0.039 0.0004 0.0086   
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mechanical damage, the TEM foils were prepared using FEI Scios dual- 
beam focused ion beam (FIB), equipped with Ga + ion species as a 
source. The foil plane normal is parallel to the macroscopic sample di
rection ND (normal direction) as shown in the schematic of Fig. 1. To 
clarify further, the TEM observation plane contains TD (transverse di
rection) and RD (rolling direction). The foil plane area is maintained at 
~10 × 10 μm2 for all the samples investigated in this study. At least two 
foils per specimen have been prepared. The ferrite, martensite, and 
austenite phases in the prepared TEM foils were identified by analysing 
the selected area electron diffraction (SAED) patterns. The Burgers 
vectors of the dislocations were determined using the invisibility 
criteria, where a perfect lattice dislocation becomes invisible or exhibits 
weak residual contrast when the dot product g ⋅ b = 0, where g is the 
operating reflection used and b is the corresponding Burgers vector of 
the dislocation. The crystallography of twins and their corresponding 
habit planes were identified by analysing the SAED patterns coupled 
with the trace analysis. 

2.3. Mechanical testing methods 

The DP 1180 samples in the as-received state and after six CBT cycles 
(6 CBT cycles) state were tested in ST using an MTS Landmark 370 servo 
hydraulic loading-frame equipped with MTS 647 hydraulic grips and 

relying on the extensometer strain readings. A one-inch MTS 623.12E-24 
extensometer was attached to the gauge section of the samples during 
the tests to gather the displacement data. The tests were carried out at 
room temperature and at a constant strain rate of 10−3 s−1. The tensile 
samples for the as-received material had standard dimensions with a 
gauge region of 50.4 mm in length and 11.7 mm in width [59,60]. The 
geometry and dimensions of the 6 CBT cycles tensile samples are defined 
in the subsequent paragraphs. The samples were oriented with their 
loading axis parallel to the rolling direction (RD) of the sheet. Three 
samples for both ST and 6 CBT were tested with excellent repeatability 
of results, meaning that the recorded curves were approximately on top 
of each other. 

A brief summary of the CBT process includes a testing device features 
a moving carriage, which holds a specimen and the axial loading system. 
The device further has a roller assembly, which is stationary on the 
machine base. The device is equipped with a data acquisition and con
trol hardware and software. The carriage moves back and force during 
the CBT test with a velocity of Vrr = 66 mm/s, while the sample is loaded 
in tension. The hydraulic actuator supplies the pulling (i.e. crosshead) 
velocity. To measure force, load cells are attached to the carriage and to 
the actuator. These are two donut-style Futek load-cells, one tension 
(LCF 450, capacity of 22.24 kN) and the other compression (LTH 500, 
capacity of 22.24 kN). Simultaneously with the carriage motion, the 

Fig. 1. The prepared TEM lamella in relation to the macroscopic sample directions. All TEM foils investigated in this study have been prepared in the same 
orientation. The foil plane normal is parallel to the macroscopic sample direction ND. The area of all TEM foils is maintained constantly at ~ 10 × 10 μm2. 

Fig. 2. (a) A schematic of the CBT process with def
initions of the main process variables: δ - bending 
depth, which is set by vertical adjustment of the top 
roller, t - sheet thickness, D = 25.4 mm - diameters of 
the rollers, and L = 54 mm - distance between the 
bottom rollers. (b) Drawing of a specimen used in 
CBT testing of DP 1180 with the 1 × , 2 × , and 3 ×
regions and an ASTM E8 sub-size specimen for simple 
tension (ST) testing to evaluate strength and any re
sidual ductility. Thickness of the specimen is deter
mined by the thickness of the sheet, which is 1 mm. 
Dimensions are in mm.   
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roller assembly imposes bending. The top roller is vertically adjustable 
to impose a bending depth, δ. The carriage motion is limited by limit 
switches, signalling the end of the stroke and reversion for the carriage 
motion. We define “a pass or a stroke” to be the rollers traversing the 
entire gauge length in one direction from one side to the other side of the 
specimen, while “a CBT cycle” is the rollers traversing the gauge length 
two times i.e. to the other side and then return back over the gauge 
section to the initial side. A detailed design of the CBT device was 

discussed elsewhere [48,61]. 
Fig. 2(a) and (b) shows the schematic of the CBT process and the 

selected CBT specimen geometry. The gauge section of 200 mm for the 
CBT specimen is arbitrarily set. It is chosen such a way that the rollers 
never exit the gauge section of the standard specimen. Deformation 
regions indicated as 1x, 2x, and 3x define the number of bending cycles 
the specimen region undergoes during each CBT pass. In the 1x defor
mation region is near the grips, the specimen undergoes only one 

Fig. 3. (a) An inverse pole figure (IPF) map and (b) the corresponding image quality (IQ) map showing the initial microstructure of DP 1180. The coloring in the IPF 
map represents the orientation of the transverse direction (TD) sample axis, which is perpendicular to the map with respect to the crystal lattice orientation frame 
according to the IPF triangle. The IQ map reveals martensite phase of ~45% volume fraction. (c) Stereographic pole figures measured by NeD show texture in the 
initial material. 

Fig. 4. (a) Stress-strain curves for initial (as-received) and CBT treated to 6 cycles DP 1180 steels along rolling direction (RD) in ST to fracture under a strain rate of 
10−3 s−1 at room temperature. The latter curve shows strength and residual ductility of the material treated by 6 CBT cycles. (b) Load versus displacement curves 
recorded during ST test and CBT test to fracture along RD. The CBT tests were performed under a set of optimized parameters for maximum elongation of DP 1180: 
crosshead velocity of 1.35 mm/s, a bending depths of 3.5 mm, and a carriage velocity of 66 mm/s. 
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bending and unbending per pass. In the 2x deformation region, the sheet 
is bent and unbent two times. Finally, in the 3x deformation region, the 
sheet is bent and unbent three times. A sub-size specimen machined 

from the CBT specimen for subsequent ST testing is also shown [59]. The 
sub-size specimens are ASTM E8 with a gauge section 32 mm in length 
and 6 mm in width. The sub-size specimens are machined from the 3x 
region of the interrupted test specimens. 

The deformation during CBT involves a through-thickness strain 
gradient in the bent region of the sheet as the sheet passes over the 
roller, making direct comparison between ST and CBT strains in the 
deformation zone underneath the rollers impossible. However, the sheet 
outside the deformation zone is in pure tension. The central zone of the 
through-thickness strain gradient experiences monotonic tension till 
fracture while the other two outermost zones experience ratcheting due 
to bending-unbending nature of the deformation [62]. Simulations in a 

Table 2 
Properties based on the flow curves from Fig. 2(a).   

Initial (as-received) After 6 CBT cycles 

Elastic slope [GPa] 205 206 
Yield stress [MPa] 842 1355 
UTS [MPa] 1195 1460 
Eng. strain at UTS 0.061 0.016 
Eng. strain at fracture 0.076 0.035  

Fig. 5. (a) SAED pattern obtained from a region 
enclosed by a white circle in the low magnification 
image shown in (b) for an as-received sample of DP 
1180. The white solid lines in (c) indicate the grid 
corresponding to [001] orientation of martensite, 
whereas the dashed lines represent the grid corre
sponding to [011] orientation of retained austenite for 
one twin variant. The austenite phase shows the 
signature of twin variants about (111) plane as indi
cated by double weak spots (white arrows) in (a). The 
corresponding simulated diffraction pattern is shown, 
where the red coloured spots represent austenite, and 
black coloured spots represent martensite. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 6. An SAED pattern acquired from a region 
enclosed by a white circle consisting of a defective 
lath-type structure and a defect free ferrite matrix. 
The SAED pattern is consistent with the [111] 
orientation of BCC having a lattice constant of 0.286 
nm, and a misorientation of 6◦ about [111] axis. The 
lath-type structure is identified to martensite and the 
corresponding diffraction spots are highlighted by 
white coloured dashed lines, whereas the spots cor
responding ferrite are highlighted by white coloured 
solid lines in the SAED pattern.   
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CBT study of 1.4 mm thick DP780 sheet by Barrett et al. [52] revealed 
that the stress state in the sheet plane is globally uniaxial, since the 
applied tensile stress is larger than the locally superimposed bending 
stresses. Importantly, the dominant contributor to effective strain in the 
sheet is along the tensile direction at every point [52]. The study showed 
that equivalent plastic strain and axial strain are similar in magnitude 
during CBT. The effect of through-thickness strain gradients in the 
present study is also mitigated due to the thinness of the sheet. 

A lower bound strain level in the 3x region can be estimated as fol
lows [52]. The gauge length, l, of the CBT specimen is the length that the 

carriage encompasses (i.e. the length of the roller motion in a pass), l =
∫

Vrrdt (Vrr - roller or carriage velocity). The specimen elongates as a 
consequence of the crosshead motion for dl ≈ Δl =

∫
VCHdt (VCH - 

crosshead velocity). The integrals are calculated numerically from the 
crosshead and roller velocity experimentally measured profiles. Simply, 
the strain increment per pass/stroke, Δε, is 

Δε =

∫
dl
l

=

∫
VCHdt

∫
Vrrdt

. (1) 

In this work, the material was subject to 6 CBT cycles. The CBT tests 
was performed under a set of optimized parameters for maximum 
elongation of DP 1180 [51]: crosshead velocity of 1.35 mm/s yielding a 
quasi-static strain rate varying around 0.001/s, a bending depths of 3.5 
mm, and a carriage velocity of 66 mm/s. The strain after 6 CBT cycles is 
a sum of the strain increments per pass/stroke. The strain per pass is 
estimated to be Δε = 0.0205, while the strain after 6 CBT cycles (i.e., 12 
passes) is ε = 0.2455. 

Samples for the TEM investigation are taken from the gauge section 
near the fractured surface of the broken sample after ST testing and from 
the 3x region after CBT testing to 6 cycles from approximately middle of 
the sheet. Note, the CBT sample did not fracture. 

3. Results 

3.1. Initial microstructure 

Fig. 3(a) displays an EBSD image of the microstructure in the form of 
an inverse pole figure (IPF) map for the transverse direction (TD) sample 
axis. This observation plane is selected to conveniently reveal any grain 
elongation in the RD and contraction in the ND. From this map, grains 

Fig. 7. Two-beam bright field TEM images of the as- 
received DP 1180 steel microstructure along the B =
[001] and [111] orientations of BCC ferrite, and for 
the operating reflections g = 110and 011, where B is 
the direction of electron beam in TEM. The corre
sponding SAED patterns are also shown in the Figure. 
The martensite phase exhibits a lath like morphology 
in (a), (c), and an island morphology in (b). The 
martensite regions are found to exhibit strong defect 
contrast associated with high dislocation content.   

Table 3 
The observe martensite lath and island size ranges in each of the DP steel 
samples. The final column displays the dislocation density in ferrite regions of 
DP steel samples. The average lath size is measured for the martensite laths with 
sizes higher than 100 nm and lower than 100 nm, and similarly for the 
martensite islands, the average island size is measured for islands with sizes 
higher than 500 nm and lower than 500 nm. We have split the lath and island 
size data into two parts based on our observations. While it is possible to have 
lath sizes in-between the two mean values in the microstructure, we chose to 
split the sizes to have more reasonable error bars on the calculated mean values.  

Sample 
name 

Average lath size Average island size Dislocation density 
(cm−2) 

<100 
nm 

>100 
nm 

<500 
nm 

>500 
nm 

As- 
received 

77.7 ±
8  

338.3 ±
40  

460.5 ±
20  

680.2 ±
70  

3.41±0.3 × 108  

After ST 74.3 ±
6  

208.9 ±
35  

382.7 ±
37  

705.4 ±
42  

1.21±0.1 × 109  

After CBT 61.8 ±
7  

202.8 ±
20  

375.3 ±
25  

698.4 ±
32  

1.47±0.1 × 109   
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with morphologically rough boundaries and a broad distribution of sizes 
from ~1 μm to ~20 μm can be observed. To expose the ferrite and 
martensite phases, we show in Fig. 3(b) an image quality (IQ) map, 
revealing the distribution of the martensite phases (dark domains) 
among the ferrite regions (light grey domains). From the map, an 
approximately 45% volume fraction of martensite phase is estimated. 
The ratio of 45% martensite and 55% of ferrite is favourable for the 
study of individual structure evolution. Fig. 3(c) presents the initial 
texture of DP 1180 using three stereographic pole figures measured by 
NeD. The starting DP 1180 possesses a conventional rolling texture for 
body centered cubic (BCC) crystals, with intense γ-fiber and a partial 
α-fiber [53,63–67]. 

3.2. Mechanical properties 

Fig. 4(a) compares the stress-strain response in ST of the as-received 
and 6 CBT cycles treated samples of DP 1180 along the RD [51]. It is 
evident that the CBT treated material is stronger in yield by 61% and 
ultimate tensile strength (UTS) by 22% when compared to the 
as-received material (see Table 2). Evidently, the CBT treated material 
has remaining ductility to continue further CBT testing for additional 
few cycles (Fig. 4(b)) as well as for the subsequent ST (Fig. 4(a)). The 
plastic deformation in ST is only from tension, while in CBT is from a 
combination of bending and tension. Therefore, the tensile load cell 
records lower magnitudes of load in CBT than in ST. While uniform 
strain and strain at fracture for the CBT treated material is lower than the 
as-received material, they are appreciably high. Importantly, the strain 
imparted by CBT (0.2455) is much greater than the strain imparted by 
ST (0.061) into the as-received material. Deformation structures are 

characterized for these two strain levels, in addition to the reference 
zero strain as-received material. 

3.3. Deformed microstructures 

To understand the deformation mechanisms in martensite and, in 
particular, those mechanisms in martensite and ferrite enabling high 
strength while maintaining reasonable ductility after CBT, we carried 
out a series of TEM investigations. We have examined the deformation 
structures of the phases that are present in the three categories of DP 
1180 steel samples, i.e. as-received, after subjected to ST, and after 
subjected to CBT deformation treatment for 6 cycles. The shape and size 
of martensite regions as well as the defect structure present in the three 
DP 1180 sample categories have been characterized. The following 
sections describe the results obtained from each of these samples. 

3.3.1. Martensite 

3.3.1.1. As-received DP 1180. Fig. 5(a) shows an SAED pattern obtained 
from the central portion (indicated by a white circle) of the as-received 
DP 1180 microstructure shown in Fig. 5(b). It is found that the SAED 
pattern consists of spots corresponding to BCC ferrite/body centered 
tetragonal (BCT) martensite and retained face centered cubic (FCC) 
austenite. Any FCC contribution to the observed NeD signal was indis
tinguishable from background noise, which indicates the lack of pres
ence or, at most, trace quantities of FCC. The strong spots represent the 
BCC ferrite/BCT martensite along the [001] orientation, as indicated by 
white solid lines in Fig. 5(c). The magnitude of the associated ghkl vec
tors and the angular relationships between them in the SAED pattern is 

Fig. 8. (a) SAED pattern obtained from a region enclosed by a white circle in the low magnification image shown in (b) for a DP 1180 sample after subjected it to ST 
deformation. The white solid lines in (c) indicate the grid corresponding to [001] orientation of martensite, whereas the dashed lines represent the grid corresponding 
to [011] orientation of austenite. The corresponding simulated diffraction pattern is also shown in the figure. 
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consistent with the BCC phase with a lattice constant of 0.286 nm. 
Importantly, the SAED patterns in this study did not reveal the tetrag
onal nature of martensite structure, a discrepancy that could be attrib
uted to the relatively low carbon concentration in the studied material 
(see Table 1). Consequently, the SAED patterns obtained for BCC ferrite 
and BCT martensite are not significantly different. On the other hand, 
we find that the weak spots in the SAED pattern are consistent with the 
[011] orientation of a retained austenite with a lattice constant of 0.357 
nm. The weak intensity of diffraction spots suggests the small fraction of 
austenite in the material. Moreover, the SAED pattern corresponding to 
austenite exhibits a signature of twinning as indicated by the double 
spots (v-shaped white arrow) in Fig. 5(a), and the red-coloured spots in 
the simulated pattern. The diffraction analysis confirms (111) as the 
twinning plane of the austenite. The white coloured dashed lines shown 
in Fig. 5(c) represent one twin variant of FCC austenite. From the 
diffraction analysis, the following orientation relationship (OR) was 
obtained between BCC ferrite/martensite and FCC austenite phases: 
(110)M||(111)A. This OR is consistent with the commonly observed 
Kurdjumov-Sachs OR between BCC and FCC phases [6,68–71]. 

We have identified the martensite and ferrite regions by careful ex
amination of the morphology and orientation. Fig. 6 shows an SAED 
pattern acquired from a region enclosed by a white circle consisting of a 
highly defective lath structure exhibiting a morphology of martensite 
and a defect free ferrite region. The SAED pattern acquired is consistent 
with the [111] orientation of both regions with a BCC lattice constant of 
0.286 nm, however, with a slight misorientation of 6◦ about [111] axis. 
The defective lath structure is identified to be a martensite region in the 
matrix of defect free ferrite region. In the SAED pattern the diffraction 
spots corresponding to these regions are highlighted by white coloured 
solid (ferrite) and dashed lines (martensite). Such analysis has been 
applied to identify the martensite and ferrite regions of the DP steel 

samples investigated in this work. 
Fig. 7 shows the bright field TEM images of the as-received DP1180 

microstructure, acquired along the [001] and [111] orientations of BCC 
ferrite, and for the operating reflections g = 110, 011. The martensite 
phase in the as-received material comes in two shapes, either a lath 
morphology as highlighted in Fig. 7(a) and (c) or an island morphology, 
as seen in Fig. 7(b). The average lath thickness and average island size 
observed in this study for all the DP steel samples are tabulated in 
Table 3. It is observed that both the lath-shaped and island-shaped 
martensite exhibit relatively strong defect contrast associated with 
high dislocation content, which originates from prior processing. In 
contrast, the BCC ferrite exhibits relatively low dislocation content, as 
described in section 3.3.2. 

Although we have examined the morphology and orientation of 
martensite regions, the high defect contrast present in these regions 
makes it difficult to obtain a well-defined Kikuchi pattern and the sub
sequent alignment to two-beam conditions. As a consequence, it is 
difficult to establish the exact orientation of electron beam with respect 
to martensite, which further prevents us from investigating the nature of 
individual dislocations within martensite regions. 

3.3.1.2. DP 1180 after ST. Fig. 8(a) shows an SAED pattern obtained 
from the DP 1180 microstructure (enclosed by a white circle) shown in 
Fig. 8(b), which has undergone ST deformation treatment. It is found 
that the SAED pattern is similar to the diffraction pattern shown in Fig. 5 
(a) for the as-received material; however, the spots corresponding to the 
FCC austenite exhibit weaker intensity and some of the spots are not 
completely visible. This is attributed to the small fraction of austenite. 
We have carefully identified the spots belonging to each of the phases 
and these are represented by white coloured solid and dashed line grids 
in Fig. 8(c) for the [001] orientation of BCC ferrite/martensite and for 

Fig. 9. TEM bright field micrographs of DP 1180 steel microstructure after being subjected to ST. The images were acquired along (a) B = [001] and (b) [012] 
orientations of ferrite, and for (c) [011] orientation of martensite. The martensite phase exhibits a lath like morphology in (a) as well as twinned morphology in (b) 
and (c). The diffraction pattern corresponding to twinned martensite is shown in (c) for the [011] orientation of martensite along with the simulated pattern. 
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the [011] orientation of FCC austenite. The magnitude of the associated 
ghkl vectors and the corresponding angular relationships between them 
is consistent with the BCC phase with a lattice constant of 0.287 nm, and 
FCC phase with a lattice constant of 0.358 nm. It is further observed that 
the diffraction pattern is consistent with the OR observed for the BCC 
phase and FCC austenite in the as-received DP 1180 sample in the pre
ceding section, i.e., (110)M||(111)A , which is of Kurdjumov-Sachs type. 

Fig. 9 shows bright field TEM images of the martensite microstruc
ture acquired from different regions of the same DP 1180 ST deformed 
sample. The images were acquired along the [001] and [012] orienta
tions of BCC ferrite, and [011] orientation of the martensite. Like the as- 
received DP 1180 sample, the martensite phase is observed to present in 
two shapes, island-shaped domains (Fig. 9(b) and (c)) and lath-like 
domains (Fig. 9(a)). The average lath thickness provided in Table 3, is 
lower when compared to the as-received DP steel, suggesting that the 
lath-shaped martensite deformed slightly as a result of the ST defor
mation. Several other differences, even more significant, are found be
tween the microstructures before and after ST. First, {211}<111> type 
nano-twins are found in the island-shaped martensite phases. These 
twins contribute to hardening of the phase and the overall material. The 
SAED pattern obtained from one such twinned martensite region is 
shown in Fig. 9(c), where the white coloured dashed line grid represents 
the spots corresponding to twinned martensite. The diffraction analysis 
indicates that the fine twins observed in the martensite regions of this 
study exhibit (211) as the habit plane, with a possible twinning system: 
1
6 [111](211). It should be noted that these nano-twins are formed as a 
result of deformation since they were lacking in the material prior to ST 
testing. Furthermore, they are not found in the lath-shaped martensite, 

which possess finer domains than the island-shaped phases. Therefore, it 
appears that the morphology of the phase governs the selection of active 
deformation mechanisms. 

3.3.1.3. DP 1180 steel after 6 CBT cycles. Fig. 10(a) shows an SAED 
pattern acquired from the central region of the microstructure shown in 
Fig. 10(b), of the DP 1180 sample after subjected to CBT deformation for 
6 cycles. The diffraction pattern is consistent with the [111] orientation 
of the BCC ferrite/martensite and the [101] orientation of retained FCC 
austenite phases as described in the simulated pattern. The phase of 
austenite did not transform into martensite even after severe straining. 
The austenite is likely high in carbon content and quite strong and stable 
in lath form. The experimental SAED pattern has been indexed and is 
represented by white coloured solid lines and dashed line grids for the 
BCC ferrite/martensite and FCC austenite phases in Fig. 10(c). The 
subsequent diffraction analysis reveals that the OR between FCC and 
BCC phases is (011)M||(111)A, which is again similar to the ORs 
observed for the as received and ST deformed DP 1180 samples in the 
preceding sections. 

Fig. 11 shows the morphology of martensite structures acquired from 
the same DP 1180 sample, which has undergone CBT treatment for 6 
cycles. The images were acquired along the [111] and [011] direction of 
BCC ferrite and for various operating reflection. It is observed that the 
martensite phase in this case exhibits three kinds of morphology: lath- 
kind of morphology which is similar to the case of as-received sample 
and ST-deformed sample (Fig. 11(a) and (b)), twinned morphology 
which is similar to the case of DP 1180 after ST (Fig. 11(d) and 11(e)), 
and thin needle-kind of morphology as seen in Fig. 11(c). As noted in 

Fig. 10. (a) SAED pattern obtained from a region enclosed by a white circle in the low magnification image shown in (b) for a sample of DP 1180 after CBT testing for 
6 cycles. The white solid lines in (c) indicate the grid corresponding to [111]orientation of martensite, whereas the dashed lines represent the grid corresponding to 
[101] of austenite. The corresponding simulated pattern is also shown in the figure for the same orientations. 
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previous case, nano-twins of {211}<111> type were observed in the 
martensite phase and are shown in Fig. 11(d) and (e). Fig. 11(e) shows 
the centered dark field image of twin structure shown in Fig. 11(d) of 
martensite region and is acquired using the g = 200 reflection of ferrite. 
These twins may be formed to accommodate the plastic strains devel
oped during CBT deformation contributing to hardening. 

3.3.2. Ferrite and martensite/ferrite interface 
In order to understand the behaviour of DP 1180 deformation, we 

also examined the defect structure present in the interior of ferrite re
gions and close to ferrite/martensite interface regions. Fig. 12 shows the 

structure of 1
2 〈111〉

{
211

}
type and 1

2 〈111〉
{

110
}

type dislocations 

present in the interior of ferrite regions (i.e., away from the ferrite/ 
martensite interface) of three DP steel samples. The striking difference 
observed in Fig. 12(a)-12(c) is the increase in dislocation density from 
the as-received sample to the ST deformed and CBT deformed samples. 
The dislocation density in these samples was measured using the well- 
known line-intercept method [72] and the extracted dislocation den
sity in the ferrite regions of all the three DP steel samples is provided in 
Table 3. The ferrite regions in the as-received sample (Fig. 12(a)) are 
observed to consist of dislocations having distinct structure and low 
density when compared to the ST and CBT treated samples (see Table 3). 

Fig. 11. Bright field TEM micrographs of the DP 1180 steel microstructure after subjected to 6 cycles of CBT. The images were acquired along the (a), (b), (c) B =
[111], and (d), (e) B = [011] direction of ferrite, and for the operating reflections g = 110, and 2100. The martensite phase exhibits twinned morphology and lath 
morphology. The centered dark field image in (b) has been acquired using the g = 200 reflection of ferrite. 
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In contrast, the ferrite regions of the ST deformed sample (Fig. 12(b)) 
consist of relatively high dislocation density (1.21 × 109 cm−2). It can be 
seen that the projected line segments of these dislocations are parallel to 
the traces of (112) and (110)planes (see Fig. 12(b)). The dislocations 
gliding on these planes are also found intersecting with each other as 
indicated by the black arrows in Fig. 12(b). 

After CBT deformation, the dislocation density is observed to in
crease further (1.47 × 109cm−2) and most of these dislocations found 
intersecting each other as noticed in Fig. 12(c). The trace analysis con
firms that these dislocations glide on multiple planes such as (211),(121)

and (110) planes and interacting with each other. These results suggest 
that CBT deformation results in a slight increase in dislocation content in 
the interior of ferrite regions with a complex structure. The slight in
crease in dislocation density is possibly due to the severe deformation 
incurred in the CBT process. Further careful examination of dislocation 
structures reveals the formation of dislocation tangles in the ferrite re
gions of CBT deformed sample as shown in Fig. 12(d) and (e)). These 
tangles are found to exhibit loop-kind of structure as indicated by the 
black coloured arrows in the low magnification picture (Fig. 12(f)). Such 
dislocation tangles were not observed in the as-received and ST 
deformed sample. In earlier studies, it was shown that dislocation tan
gles can form in ferrite under high plastic strains and result in the form of 
cell structures [73]. Therefore, it is likely that the strength increases 
after 6 cycles of CBT is due to the formation of high density of dislocation 
structures and their tangles. 

We have also examined the dislocation structures in ferrite regions 
away from the tangles of the same DP 1180 CBT sample (Fig. 13), where 
the ferrite is oriented along the [011] direction as noted from the SAED 

patterns. The dislocations were imaged under two-beam bright field 
conditions for various operating reflections as noted on the micrographs. 
It can be seen that the dislocations that are visible (indicated by black 
arrows) for the operating reflections g = 200, and g = 211 (for [011] 
orientation) in Fig. 13(a) and (b), are invisible for the reflection g = 211 
in Fig. 13(c). These observations are consistent with assigning the 
following Burgers vector 1

2 [111] to these dislocations. Moreover, the 
projected line segments of these dislocations are found be to parallel to 
the trace of (211) plane as indicated by the white coloured dashed lines 
in Fig. 13(a) and (b). The TEM analysis, thus, confirms the following slip 
system for dislocations present in ferrite regions: 1

2 [111](211). More
over, the projected line dislocations are parallel to [111] direction, as 
indicated by the red coloured arrow on the micrograph. The red arrow 
represents the projection of [111] direction on the plane of the micro
graph. The TEM analysis, therefore, confirm that the dislocations in 
ferrite regions are in screw orientation, suggesting that these disloca
tions could move and have participated in the deformation process. 

Finally, we have examined the defect structures present in ferrite 
regions close to ferrite/martensite interface. Fig. 14 shows the disloca
tion structures in ferrite regions and they found interacting with the 
ferrite/martensite interface. These dislocations are indicated by black 
arrows in Fig. 14(a) and (b) for the as received and ST deformed sam
ples. In contrast, strong defect contrast is observed at the ferrite/ 
martensite interface of the CBT deformed sample in Fig. 14(c). The 
corresponding magnified image (indicated by an orange-coloured box) 
shows high density of dislocations interacting with ferrite/martensite 
interface, indicating that these dislocations may be the result of severe 
plastic deformation in CBT process. Moreover, they were absent in the as 

Fig. 12. Two-beam bright field images showing the structure of dislocations formed in the interior of ferrite regions (away from the martensite) of (a) as received DP 
1180, (b) DP 1180 sample after ST, and (c) DP 1180 sample after CBT deformation processes. Unlike the as-received, and ST deformed samples, dislocation tangles 
were observed in the ferrite regions of CBT treated sample and are highlighted by black arrows in (d–f). 
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received and ST deformed sample. 

4. Discussion 

The findings described in the current study show that the DP 1180 
steel achieves a very high strength under CBT while maintaining resid
ual ductility. The deformation mechanisms responsible for achieving 
such improved strength under CBT are rationalized in this work and are 
compared with the ST deformed and as received DP steels. The TEM 
investigations show that the deformation modes that are observed in DP 
1180 steel after CBT are the intense dislocation slip (1.47 × 109 cm−2) in 
ferrite regions and the mechanical twinning in island-shaped martensite 
regions, while the lath-shaped martensite regions appear to deform by 
changing their lath sizes with no mechanical twinning. We found that, in 
contrast to the CBT process, the ST deformed sample exhibits the same 
deformation modes, however, with a slight decrease in dislocation 
content in ferrite regions (1.21 × 109 cm−2, see Table 3), and in ferrite 
regions adjacent to martensite (see Fig. 14). The as received DP 1180 
exhibits low dislocation density in ferrite regions (3.41 × 108 cm−2) with 
no mechanical twinning in martensite. These observations indicate that 
CBT process deforms the DP 1180 severely, and the plastic strains 
generated during CBT appears to be accommodated by the intense 
dislocation slip in ferrite regions as well as mechanical twinning and slip 
in martensite regions. 

The microstructure of the deformed ferrite regions (i.e., away from 
the martensite) after CBT process consists of high density of 12 [111](211), 
1
2 [111](121) and 1

2 [111](110) type dislocations interacting with each 
other and resulting in the formation of dislocation tangles (see Fig. 12 

(c)-12(f)). It was reported that dislocation tangles in ferrite grains of DP 
steels could be formed, when they are allowed to deform at high strains 
under ST [73]. However, in the current study dislocation tangles were 
not observed in the as received and ST deformed DP 1180 samples. In 
contrast to ferrite, the deformation mechanisms in martensite are shape 
dependent. The island-shaped martensite regions are found to consist of 
1
6 [111](211)type nano-twins associated with high dislocation content, 
whereas the lath-shaped martensite remains twin free. 

Korzekwa et al. reported that slip in ferrite regions of DP steels 
deformed under ST is inhomogeneous, with higher dislocation density in 
ferrite regions adjacent to martensite than in ferrite regions away from 
the martensite [73]. This inhomogeneity in dislocation density is 
attributed to plastic incompatibility between martensite and adjacent 
ferrite regions. The current study observes higher dislocation content in 
the ferrite regions adjacent to martensite when deformed under CBT 
(Fig. 14(c)), than the ferrite regions deformed under ST and the as 
received sample (Fig. 14(a) and (b)). 

In contrast to BCC ferrite, the plastic behaviour of BCT martensite 
has been suggested to be dependent on the factors like the carbon con
tent and the volume fraction of martensite in DP steels [20–24]. High 
volume fraction coupled with low carbon content is suggested to be a 
favourable situation for the plastic behaviour of martensite. The results 
in the current study report that for the given nominal carbon content, 
the island shaped martensite could deform under ST and CBT process by 
1
6 [111](211) type mechanical twinning. The mechanical twins are 
observed to associate with high dislocation content. In contrast, no twins 
were observed in the lath-shaped martensite regions deformed under ST 
and CBT processes. Instead, the lath-shaped martensite appears to 

Fig. 13. Dislocation structures formed in the ferrite regions away from the tangle structures shown in Fig. 12 of the same DP 1180 steel after 6 CBT cycles. The 
images were acquired along the [011] direction of BCC ferrite, and for various operating reflections as indicated on the micrographs. The diffraction contrast analysis 
reveals that the dislocations indicated by black arrows are screw dislocations lying on the (211) plane and exhibit 1

2 [111] Burgers vector. 
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deform by changing its lath size (likely by slip) under ST and CBT pro
cesses. The observed change in average lath size is displayed in Table 3 
in comparison to the lath size in the as-received DP 1180 sample. These 
observations indicate that for the given nominal carbon content (see 
Table 1), the martensite could deform by twinning and some slip to 
accommodate at least a portion of plastic strain developed during ST and 
CBT processes. 

The origin of twinning in BCT martensite can be rationalized from 
the twinning mechanism in BCC crystals. Basically two different ap
proaches were developed for the nucleation of deformation twins [74]. 
The first one considers the nucleation at a defect site, whereas the sec
ond one considers the nucleation by homogeneous lattice shear in a 
region of high stress concentration [74]. It was shown that twin fault 
layers in BCC crystals could form by the dissociation of a single lattice 12 

< 111 > screw dislocation into 3 x 16 < 111 > twinning dislocations on 
the three equivalent {211} planes that intersect symmetrically about the 
direction of the Burgers vector [75]. The glide of these twinning dislo
cations, under suitable stress, in the direction of twinning shear develops 
a twin [75]. A similar mechanism may be expected for the formation of 
1
6 [111](211) twins in BCT martensite. Although we did not study the 
nature of individual dislocations, the strong defect contrast confirms 
high dislocation densities in the martensite regions, which could act as a 
precursor to 1

6 [111](211) twinning in martensite. Interestingly, in 
contrast, some martensite regions evidently accommodated deformation 
by plastically deforming into a lath shape and not twinning. We can 
speculate that these regions were not crystallographically oriented well 
for twinning. Taken together, the primary deformation mechanisms 
responsible for the achievement of high strength and residual ductility of 
the CBT treated DP 1180 sample are the intense slip occurred in the 
ferrite regions, and the profuse nano-twinning in the island-shaped 
martensite regions. 

5. Conclusions 

This work reveals the plastic deformation mechanisms responsible 

for the mechanical response of DP 1180 steel deformed by ST and CBT 
by employing the TEM. Although prior works suggested that the 
martensite could deform plastically, this work clarifies the actual 
mechanisms of strain accommodation by martensite regions to very 
large plastic strains. The reference as-received material is found to 
consists of twin-free martensite phases of two morphologies, lath and 
island. In contrast to low density of dislocations in ferrite and ferrite/ 
martensite interface, the martensite phase was found to contain a higher 
density of dislocations. The analysis of the ST-deformed material reveals 
that the nanoscale martensite became finer in thickness and deforms by 
slip and 1

6 [111](211) nano-twinning. Presence of higher dislocation 
density at the ferrite/martensite interface after ST than before defor
mation indicates that the interface served as a barrier to dislocations in 
the ferrite. Nevertheless, density of dislocations in ferrite substantially 
increases to initiate the formation of dislocation structures. As the CBT 
processed material is found substantially stronger with the yield and 
ultimate tensile strength increase by 61% and 22% relative to ST- 
deformed material, while also maintaining residual ductility, the con
trolling mechanisms to enable such behaviour are: 1

6 [111](211) nano- 
twinning in the martensite phase and intense and throughout deform
ing volume spread (i.e. not localised) dislocation slip in ferrite phase. 
Twins are not observed in the lath-shaped phases, which are finer do
mains than the island-shaped phases, indicating that morphology of the 
phase governs the selection of active deformation mechanisms. More
over, some martensite regions substantially deformed to develop a 
needle-like morphology contributing to strain accommodation and 
strength increase. Unlike in the as-received and ST-deformed DP 1180 
samples, however, dislocation tangles were observed in the ferrite of the 
CBT sample. This is evidence of ferrite deforming much more severely in 
CBT than in ST. The results suggest that the outstanding uniform high 
strain deformation and strength of CBT processed material stems from 
well-distributed intense plastic slip in ferrite regions and profuse nano- 
twinning in the martensite regions. In addition to slip, twins developing 
in martensite contribute to hardening of the phase and the overall ma
terial by barrier effect. Finally, a combination of intense plasticity at 
interfaces, and tangled dislocation structures in ferrite significantly 

Fig. 14. TEM bright field images showing the struc
ture of dislocations in ferrite regions adjacent to 
martensite. The dislocations are indicated by black 
arrows for (a) as received DP 1180 sample, and (b) 
the sample after ST deformation. In contrast to these, 
the ferrite adjacent to martensite after CBT exhibits 
strong defect contrast associated with high disloca
tion content in (c). The magnified image in (c) shows 
the high density of dislocations at the ferrite/ 
martensite interface of DP 1180 after CBT.   
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harden the softer ferrite phase and effectively harden the overall 
material. 
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