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Characterization of Twin-Like Structure in a Ferrite-Based Lightweight Steel
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The present study examined cold to warm compressive deformation behavior of a ferrite- based lightweight
steel through characterization of the banded structures. Compression tests were carried out at 25 to 500 °C
at a strain rate of 0.01 s up to true strain of 0.6. Analysis of the microstructural evolution using electron back
scatter diffraction indicated that the twin-like bands in the large ferrite grains occurred with the {112}[111]
system at a 60° misorientation. Density of the twin-like bands is increased by raising the deformation tem-
perature. EBSD results showed that the primary and secondary twins occurred in the [-11-1] and [1-1-1]
directions. In addition, the strain at 500 °C distorted the twin-like bands and resulted in wavy boundaries.
The strain hardening behavior was also examined using the Crussard-Jaoul (C-J) model and the n-values
were calculated for each stage of imposing strain. The results showed high dislocation density in the adjacent of
twin-like boundaries intersections which resulted in the n-value increment.
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1. INTRODUCTION

Global warming and environmental pollution have produced
catastrophic effects globally. Car manufacturing companies
have responded to this by focusing on ways to reduce the weight
of vehicles to improve fuel efficiency and decrease exhaust
emissions [1,2]. The most efficient method to accomplish this,
is the use of lightweight materials. Many efforts have been
directed towards development of the lightweight materials
such as Al [3,4] and Mg alloys [5,6], despite their high cost.
These alloys are not be appropriate for all parts and compo-
nents, especially the frame, because they possess insufficient
mechanical and joining properties. To address this deficiency,
several types of high-strength steels, such as dual-phase [7,8],
transformation-induced plasticity (TRIP) steels [9-11] and
twinning induced plasticity (TWIP) steels [1,12,13] have been
introduced.

Although, such steels show high strength and formability,
a decrease in weight has yet to be achieved. Studies have sought
to develop steel having a lower density [14]. Lightweight steel
has been developed by substituting heavy elements with lighter
ones, such as aluminum and silicon [15,16]. The addition of
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5-6% Al would result in 8 to 10% weight savings in compar-
ison with conventional Fe-Mn-Al-C steels [14,17]. These steels
have been categorized into ferrite based [18-20] and austen-
ite based duplex (o +7) [21,22] or Triplex (o + vy + k-carbides)
steels [23,24]. Among these lightweight steels, the austenitic
or (austenite + ferrite) duplex ones are considered for ultra-
high-strength applications since the austenite could exhibit
various strengthening mechanisms. Park et al. [25] reported
that the deformation induced martensite transformation in low
density steel with 5% Al content produced excellent mechan-
ical properties (high tensile strength of >900 MPa with total
elongation of >50%). In another study authors [26] reported
77% ductility as well as high tensile strength (734 MPa) in a
duplex lightweight steel. These enhanced properties were
attributed to the simultaneous formation of deformation induced
martensite and deformation twins in austenite. Furthermore
it is believed that the high aluminum content as ferrite stabi-
lizer shall be compensated by Mn content to stabilize the aus-
tenite [27]. On the other hand, high aluminum content would
increase the stacking fault energy of austenite [28,29]. Park
et al. [22] have reported that, regardless of high stacking fault
energy in austenite, the substructures associated with planar
glide such as Taylor lattice, Taylor lattice domain boundaries
and microbands were progressively developed during straining,
In addition to the well-known banded structures like TWin-
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ning Induced Plasticity (TWIP) and TRansformation Induced
Plasticity (TRIP), the occurrence of MicroBand Induced
Plasticity (MBIP) has been also reported in austenitic low den-
sity steels [30]. Although many studies have reported on the
characterization of banded structures in austenitic steels, fer-
rite-based lightweight steels have not received much attention.
Accordingly, the present study investigated the possibility
and character of banded structures in ferrite-based lightweight
steel. To this end, the compression tests were performed and
the advanced characterization methods were employed to
examine the microstructural evolution.

2. EXPERIMENTAL PROCEDURES

The experimental lightweight steel with the composition
of Fe-0.07C-11.15Mn-5.6Al-0.12Si (wt%) received in an
electroslag remelted state. Figure 1 is a schematic representa-
tion of the processing steps applied to the alloy. The remelted
material was homogenized at 1200 °C for 1 hour and then
subjected to 5 passes of hot rolling at temperatures in the
range of 1200-900 °C followed by air quenching. The appar-
ent density was measured 7.1 g.cm3 using a proper densitome-
ter (Mettler-Toledo XP205, Mettler-Toledo AG) based on
Archimedes principle, which shows considerable reduction in
comparison with pure Fe [27]. The specimen was weighed in
a high precision balance and the volume of water displaced by
it, while immersed in a volumetric tube, was measured. The
accuracy of the measurement in the two cases were 0.01 g and
1 ml, respectively. For each measurement a specimen vol-
ume of ~5000 mm’ was used. The hot rolled material was
annealed at 1200 °C for 25 minutes followed by water
quenching to achieve a dual phase structure with the highest
ferrite fraction in the microstructure.

In order to conduct compression testing, the cylindrical
specimens with 8 mm diameter and 12 mm height according
to ASTM-E209 standard [31] were machined from the annealed
material. Compression tests were performed at 25 to 500 °C
under a strain rate of 0.01 s using GOTHECH AL-7000 LA
30 testing machine. Thermomechanical processing ended when
water was used to quench the deformed specimens. In order
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Fig. 1. The schematic presentation of processing cycles.

to confirm the repetitiveness of the results each test repeated
3 times. In addition, some interruptions were conducted to
investigate the microstructural evolution precisely.

Optical microscopy and scanning electron microscopy (SEM)
were used to examine the obtained microstructure. To follow
these, the specimens were sectioned in parallel to the com-
pression axis and then treated through conventional metallo-
graphical surface preparation methods. Specimens were then
etched by 2% Nital solution followed by Marshal solution
(Part A: 5 ml Sulfuric acid, 8 gr Oxalic acid, 100 ml water-
Part B: 30% solution hydrogen peroxide). X-ray diffraction
analysis was carried out using Philips-X’pert instrument to
identify the constitutive phases. In these tests, the polished
samples were exposed to Cu-Ka radiation (Ka = 1.54056 A)
in the 20 range of 20-100° with an accelerating voltage of
40 kV and a scanning speed of 2° min™'. The volume fraction
of phases were measured by direct comparison method [32].
Integrated intensities of (200), and (211), peaks and (220),
and (113), were used for this XRD method. Furthermore, the
optical image analyzing method with Clemex Software was
used to measure the grain size. Electron back scatter diffrac-
tion (EBSD) was performed using a field emission scanning
electron microscope (FE-SEM; Quanta 3D FEG, FEI Com-
pany, USA). The EBSD specimens were electro-polished
at room temperature in a solution of CH;COOH (92%) and
HCIO, (8%) at an operating voltage of 32 V. The data were
then interpreted by orientation imaging microscopy (OIM)
analysis software provided by Tex SEM Laboratories, Inc.

3. RESULTS AND DISCUSSION

The XRD pattern and the optical microstructure of the
annealed specimen at 1200 °C for 25 minutes are shown in
Figs. 2a and b. The XRD pattern in Fig. 2a, indicates that the
majority of phase fraction is ferrite. In addition, in the optical
microstructure the matrix is ferrite, and the austenite grains
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Fig. 2. (a) As annealed specimen’s XRD pattern, and (b) the optical
microstructure of annealed specimen at 1200 °C for 25 min.
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Fig. 3. SEM micrograph of compressed specimen up to the true strain
of 0.6 at room temperature (arrows show the deformation bands).

are uniformly distributed in the matrix. The austenite grain size
was approximately 15 pum, but the ferrite grains were coarse
and approximately 500 pm. The volume fractions measured
by XRD and image analyzer are in compatible, and the ferrite
and austenite fractions at room temperature were approxi-
mately 86% and 14%, respectively.

Figure 3 shows SEM micrograph of compressed specimen
at room temperature. As seen, parallel deformation bands formed
in the coarse ferrite grains. The interspace of these bands is
between 10 to 30 um and the thickness of the deformation bands
is approximately 1 um.

EBSD was performed to understand the nature of the deforma-
tion bands. The inverse pole figure, phase map, image quality
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Fig. 4. EBSD results for the specimen deformed up to the true strain
of 0.15: (a) inverse pole figure (b) phase map (c) image quality and
boundary map of ND planes.

and boundary map of interrupted compression test at room
temperature (deformed up to 0.15 true strain) are shown in
Fig. 4. It is shown that, these deformation bands are presented
even at the early stages of deformation. The image quality
(IQ) map combined with the boundary map in Fig. 4c¢ depicts
that these deformation bands hold high angle rotation. The
misorientation angle of the deformation bands in relation to
the matrix is denoted by the black arrow in the <111> direc-
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Fig. 5. (a) Misorientation profile of the region indicated by black arrow in Fig. 4a, and (b) {112} pole figure of deformation band and matrix which

shows a triple point coincidence.
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tion (Fig. 4a), is provided in Fig. 5a. As seen, the misorienta-
tion between these bands and the matrix is approximately
60°. In addition the {112} pole figure of deformation bands
and the ferritic matrix in Fig. 5b shows the triple point coinci-
dent corresponding to the deformation bands and matrix.
These results (misorientation angle of ~60° and the triple point
coincident on the {112} plane) indicate that these deforma-
tion bands are in twin relation with the matrix [33-35].

It is well established that deformation twinning would occur
in large grain bee materials in {112}[111] system as a result
of screw dislocation dissociation [36]. It has been well proved
that the dislocation dissociation might have been activated in
low to intermediate temperatures or under medium to high
strain rates [35,37-39]. As Lagerlof [37] pointed out, in these
circumstances, due to the <111> dislocation slip limitations,
the dislocation would be dissociated into three partial ones on
the three {112} planes. It has been proposed by Vitek [40,41]
that in bec, twins are multi-layered stacking faults created by
the passage of aforementioned partial dislocations. Figure 6
illustrates the schematic sequential process of shearing con-
secutive {112} planes of bece crystal to form a twin. As seen,
the partials would rearrange the stacking of these planes to
form three-layered stacking fault and steered it to twin stack-
ing [42].

Figure 7 shows the SEM micrographs of compressed speci-
mens at 100 to 500 °C. The features of deformation at 100 °C
(Fig. 7a) were similar to those at room temperature (Fig. 3).
Surprisingly, the frequency of twin-like bands is increased by
increasing the test temperature to higher values. Furthermore,
intersections can be observed (denoted by red arrows) in Fig.
7¢ and the interspace between bands decreased to ~1-4 um.
Figs. 7d and e show the compressed specimens at 400 °C and
500 °C, respectively. It can be seen that the twin-like bands
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Fig. 6. An illustration of the stacking sequence formed when three 1/6
[111] partials on adjacent {112} planes, moves to the right on a glide
plane between F and A. Locally a BCDCBABC... micro-twin is
formed where the two twin planes are indicated with .

Fig. 7. SEM micrographs of compressed specimens up to the true
strain of 0.6 at: (a) 100 °C, (b) 200 °C, (c) 300 °C, (d) 400 °C, and (e)
500 °C. (f) Higher magnification of 500 °C.

are distorted and characterized by wavy boundaries. Figure 8
depicts the misorientation profiles and {112} plane pole fig-
ures of the compressed specimens at 300 °C and 500 °C. In
these deformation conditions, the twin-like bands have also
60° misorientation angel to the matrix (Figs. 8a and c). Fig. 8b
and d show the triple point coincident of bands’ poles (red and
blue) with the matrix ones (gray) in {112} plane. In order to
investigate the effect of high frequency banding on the strain
hardening behavior of the material, the compressed specimen
at 300 °C is considered. Figure 9a shows the trues stress- true
strain and its corresponding strain hardening curve. As seen,
there are four distinct stages, which are designated by stages
A, B, Cand D. After a dramatic decrease of strain hardening
in stage A, the strain hardening rate increases to constant level
at stage B. Subsequently, the strain hardening rate is decreased
abruptly at stage C and eventually it is increased to constant
level at stage D.

The true stress-strain curve examined using several empir-
ical fitting formulae and mathematical analysis to determine
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Fig. 8. Misorientation profile and {112} pole figure of deformation bands and matrix for compressed specimens at: (a) and (b) 300 °C, (c) and (d)

500 °C.

the strain hardening behavior at each stage. Modified C-J
analysis most clearly distinguished strain hardening stages in
a In(do/de)-Ino plot (Fig. 9b) [43,44]. This plot clearly shows
stages A, B, C, and D at different slopes (1—1/n) at the criti-
cal strains of g, &c, and &p. The n values of stages A, B, C, and
D, are 0.34, 2.2, 0.15, and 0.3, and the critical strains are
0.14, 0.3, and 0.45, respectively. As is well established the
decrease in stage A relates to the onset of dislocation move-
ments [44,45]. As was aforementioned the deformation twin-
like bands had been formed at the early stage of deformation
(below 0.15 true strain). By imposing strain beyond &g to &c,
the n value at stage B strongly increased from the eruption of
twin-like band formation with similar growth directions. This
was accompanied by a decrease in band interspaces. It appears
that the twin-like bands with high angle boundaries are strong
barriers to dislocation movements which is in agreement

with [46], thus the stress level would increase. The strain
hardening is decreased beyond &c to &p at stage C; this is
attributed to the twin-like bands generation super-saturation.
In addition, the twin-like bands appear to reorient the matrix
lattice to stimulate the further dislocation slip (in agreement
with [35]). By imposing strain to higher values, at stage D,
the n value is increased due to the formation of secondary
twin-like bands. Accordingly, to trace the occurrence of sec-
ondary twin-like bands in stage D, the compression tests were
interrupted at 0.25 true strain (within stage B) and 0.55 true
strain (within stage D). Figure 10a shows the microstructure
of compressed specimen at stage B. As is obvious the pri-
mary deformation twins with the interspace of approximately
1-4 um are elongated in the coarser grains. The direction of
primary twin-like bands is found out using EBSD analysis to
be [-11-1]. On the other hand, Figure 10b shows that the second-
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Fig. 9. (a) the strain hardening rate curve of compressed specimen at
300 °C, and (b) the plot of In(0c/0g) vs. Inc based on the modified
Crussard-Jaoul analysis of the stress-strain curve used to examine the
strain hardening exponents in the plastic deformation region.

Fig. 10. Interrupted tests at: (a) true strain of 0.25 (stage B), (b) true
strain of 0.55 (stage D).

ary twin-like bands, which are formed at stage D, are developed
along the [1-1-1] direction. Figure 11a shows the inverse pole
figure of compressed specimen at 300 °C for stage D. The
deformation band 1 and 2 directions have been presented. As
seen the secondary bands are intersected with primary ones and
have subdivided the coarse grains to smaller areas. Figure 11b
shows the corresponded KAM analysis. It can be seen that the
dislocation density is higher at the vicinity of twin-like boundaries
than that of other regions which are denoted by black arrows.
This justifies the fact that the twin-like boundaries in ferrite
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Fig. 11. (a) Inverse pole figure of specimen compressed up to 0.55
true strain (stage D) shows the intersection of twin-like bands, and (b)
the corresponding Kernel Average Measurement shows higher dislo-
cation density at the vicinity of twin-like intersections.

matrix may act as strong barriers to dislocation movements
and would lead to the higher n values in the final stage (stage
D) of deformation.

4. CONCLUSION

Twin-like banded structures, which were developed during
cold to warm deformation of Fe-0.07C-11.15Mn-5.6Al-0.12Si
(wt%) ferrite-based lightweight steel, were investigated in
the present investigation. The following results were obtained:

(1) The EBSD results revealed that the steel is highly capable
for development of banded structures. From the misorienta-
tion angle of ~60° and the triple point coincident on the {112}
plane, it was concluded that the deformation bands are in twin
relation with the matrix.

(2) The frequency of deformation twin-like bands were
increased by raising the compression test temperature and
intersections of them were observed at 300 °C.

(3) The strain hardening rate showed four distinct stages.
The n-values for each stage up to the corresponding critical
strain were calculated using the C-J model. This showed that
the n-value increased from 0.34 to 2.2 from stage A to B,
respectively due to the higher banding frequency. Further-
more, the generation of secondary bands at higher strains, in
stage D, increased the n value, either.
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