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Electron channeling contrast imaging of twins and dislocations
in twinning-induced plasticity steels under controlled diffraction

conditions in a scanning electron microscope
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Dislocation cells and mechanical twins have been imaged by electron channeling contrast imaging (ECCI) in a scanning electron
microscope under controlled diffraction conditions in a deformed Fe–22Mn–0.6C twinning-induced plasticity (TWIP) steel using a
novel set-up. The approach uses electron backscattered diffraction for orientation-optimized ECCI with enhanced dislocation and
interface contrast. The observations provide new insights into the strain-hardening mechanisms of TWIP steels.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Twinning-induced plasticity (TWIP) steels are
promising materials for structural applications with
excellent mechanical properties combining high strength
(ultimate tensile strength of 700 MPa) and ductility
(elongation to failure of 95%) due to high strain harden-
ing [1–3]. The strain-hardening rate is attributed to the
reduction of the dislocation mean free path with
mechanical twins acting as obstacles to dislocation glide
[1,4,5]. Mechanical twins in TWIP steels are extremely
thin (�50 nm thick), and hence are generally studied
by transmission electron microscopy (TEM) [1,4]. How-
ever, TEM is limited when it comes to the quantitative
microstructural characterization of highly heteroge-
neous microstructures, such as encountered in deformed
TWIP steels. Another microscopy technique for charac-
terizing deformed microstructures is electron channeling
contrast imaging (ECCI). ECCI is a scanning electron
microscopy (SEM) technique that makes use of the fact
that the backscattered electron intensity is strongly
dependent on the orientation of the crystal lattice planes
with respect to the incident electron beam due to the
electron channeling mechanism [6–9]. Slight local distor-
tions in the crystal lattice due to dislocations cause a
modulation of the backscattered electron intensity,
allowing the defect to be imaged. The ECCI technique
has been used to image dislocation structures in metals
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deformed during fatigue [10,11] or associated with
cracks [12,13]. For quantitative characterization of dis-
location structures (e.g. Burgers vector analysis) and to
image these structures with optimal contrast, it is re-
quired to conduct ECCI under well-controlled diffrac-
tion conditions as dislocation imaging is obtained by
orienting the crystal matrix exactly into Bragg condition
for a selected set of diffracting lattice planes. To date the
only method utilized for performing ECCI of disloca-
tions under controlled diffraction conditions is based
on electron channeling patterns (ECPs) [8,9,14,15]. The
main drawback of this technique is the requirement of
a large final aperture to allow the beam to cover a large
angular regime, leading to very low spatial resolution
(above 2 lm [8], almost two orders of magnitude above
the resolution of electron backscattered diffraction
(EBSD)). This shortcoming reduces its application to
the imaging of dislocation structures in lightly deformed
metals. This also explains the limited number of works
on the use of ECCI for imaging dislocation structures.
In this paper, we present a novel set-up for the ECCI
technique under controlled diffraction conditions where
the crystal orientation is obtained by means of EBSD.
This set-up provides an efficient and fast means to per-
form ECCI of dislocations under controlled diffraction
conditions with enhanced dislocation and interface con-
trast. Further, we demonstrate that the ECCI technique
can image dislocation cells and mechanical twins in a de-
formed TWIP steel by means of SEM.
sevier Ltd. All rights reserved.
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The material used in this study was a Fe–22Mn–0.6C
(wt.%) TWIP steel. The material was melted in an induc-
tion furnace under an Ar atmosphere and cast into
round bars 25 mm in diameter. Homogenized and hot-
rolled samples (rolling temperature of 700 �C) were ten-
sile deformed at room temperature to a strain of 0.2.
ECCI of the deformed microstructures was performed
using a dual-beam Zeiss-Crossbeam instrument (Carl
Zeiss SMT AG, Germany) consisting of a Gemini-type
field emission gun (FEG) electron column and an fo-
cused ion beam (FIB) device (Orsay Physics). This
instrument is equipped with an EBSD system (EDAX/
TSL, Draper, UT, USA). Dislocation structures and
mechanical twins observed by ECCI were verified by
transmission electron microscopy (TEM) using a Philips
CM20 instrument. Thin foils of areas previously ana-
lyzed by ECCI were prepared by ion milling by means
of FIB.

Figure 1a shows the schematic illustration of the new
set-up proposed for ECCI under controlled diffraction
conditions. The key point introduced here is to use
EBSD instead of ECPs to orientate the crystal into opti-
mal diffraction conditions. This allows the imaging of
deformed microstructures with the most favorable elec-
tron channeling contrast even in highly deformed mate-
rials because of the much higher spatial resolution of
EBSD (30 – 50 nm [16]) compared to ECP (2 lm [8]).
The set-up comprises two sample positions: one for per-
forming ECCI using a low-tilt configuration, where the
sample is positioned perpendicular to the incident elec-
tron beam (ECCI position); and another one for per-
forming EBSD measurements using a high-tilt
configuration, where the sample is tilted 20� from the
incident electron beam using a conventional EBSD
geometry (EBSD position). A low-tilt configuration is
selected for ECCI (ECCI position) because of the conve-
nient position for performing crystal orientation experi-
Figure 1. (a) Schematic illustration of the set-up for ECCI in SEM under c
controlled diffraction conditions with the matrix bright and the twin dark. S
ments and the enhanced electron channeling contrast
[17]. Furthermore, in the present configuration the lat-
eral resolution is isotropic, in contrast to a high-tilt con-
figuration, such as the EBSD position adapted by Ref.
[18], where the lateral resolution is different for the tilted
and the horizontal directions. In this configuration a
small working distance is used (5–7 mm) to increase
the amount of backscatter electrons collected by the
detector, and hence to enhance the contrast. In this
set-up the ECCI of dislocations under controlled diffrac-
tion conditions is performed as follows. The sample is
turned into the ECCI position and the area for ECCI
of dislocations is selected. Then the sample is tilted into
the EBSD position and an EBSD map of the selected
area or an individual orientation measurement is per-
formed. Based on the determined crystal orientation,
diffraction patterns of the selected area at the ECCI po-
sition are calculated using computer software [19] which
provides the tilt and rotation angles required for orient-
ing the crystal into optimal diffraction conditions.

The practice of creating and using controlled diffrac-
tion conditions is illustrated and explained in Figure 1b–
d. Figure 1b shows the ECCI of a mechanical twin of
50 nm thickness in a tensile deformed Fe–22Mn–0.6C
TWIP steel. Diffraction patterns of the crystal matrix
and the twin are simulated by software [19] from the cor-
responding EBSD map. Diffraction conditions are se-
lected for twin imaging with optimal contrast. This is
achieved when one of the two crystals (matrix or twin)
is oriented exactly in the Bragg condition for a high-
intensity reflection and the other crystal is in an out-
of-Bragg orientation. In the first case electrons are more
effectively channeled into the lattice and the backscatter-
ing yield is low, making the crystal appear dark, whereas
in the second case the backscattering yield is enhanced
and the crystal appears bright. In this example, diffrac-
tion conditions are selected to image the matrix bright
ontrolled diffraction conditions. (b) ECCI of a mechanical twin under
imulated diffraction patterns of the crystal matrix (c) and twin (d).



Figure 3. Dislocation cells in a tensile deformed Fe–22Mn–0.6C TWIP
steel observed by (a) ECCI in SEM and (b) bright-field TEM of the
same area.
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(simulated diffraction pattern in Fig. 1c) and the twin
dark using a high-intensity reflection of 111-type (simu-
lated diffraction pattern in Fig. 1d). The rotation and tilt
angles indicated by the software, 83� and 16�, respec-
tively, are subsequently transferred to the microscope
for contrast-optimized ECCI (Fig. 1b).

For further optimization of the electron channeling
contrast, in particular for dislocation structures, the
influence of the accelerating voltage was studied. ECCI
of dislocation arrangements in a deformed Fe–22Mn–
0.6C TWIP steel was performed using the set-up de-
scribed above at different acceleration voltages between
7.5 and 30 kV corresponding to the sensitivity of the
backscatter detector. Figure 2 shows an example of the
significant influence of the accelerating voltage on the
electron channeling contrast of dislocations. In this fig-
ure ECCI of dislocation arrangements in the exact same
area at 20 kV (Fig. 2a) and 10 kV (Fig. 2b) are shown.
20 kV corresponds to the most common operating con-
dition used in previous works on ECCI of dislocations
[9–14], and 10 kV corresponds to the accelerating volt-
age at which the optimum contrast is obtained in the
present case. It can be seen that the electron channeling
contrast of dislocations is much sharper at 10 kV, where
details in the dislocation arrangements and single dislo-
cations are clearly resolved. There are two reasons for
the improved contrast with decreasing acceleration volt-
age. First, with decreasing voltage the cross-section for
phonon scattering—which is responsible for the back-
scattering yield—is increased. As a consequence the
bright parts in the image, i.e. dislocations, appear
brighter while the dark parts maintain their low inten-
sity. A second reason for the improved contrast is the re-
duced interaction volume. In a smaller volume the
lattice strain shows smaller variations, thus diffraction
conditions and contrast are better defined. Optimal
Figure 2. ECCI in SEM of dislocation arrangements in a tensile
deformed Fe–22Mn–0.6C TWIP steel at two different accelerating
voltages: (a) 20 kV and (b) 10 kV.
ECCI is therefore obtained by operating at accelerating
voltages below the commonly used value of 20 kV as
this provides a much sharper electron channeling con-
trast of the dislocations.

Figure 3a shows ECCI of dislocation cells of around
1 lm average diameter in a tensile deformed Fe–22Mn–
0.6C TWIP steel (0.2 strain). This is the first observation
of dislocation cells in TWIP steels deformed at room
temperature. Additionally, we demonstrate that this re-
sult can be obtained by SEM without the usual time-
consuming TEM technique. The observation of disloca-
tion cells in this material is not surprising as such cells
have also been observed in materials with similar stack-
ing fault energy, such as in stainless steel 316L [20].
However, as will be discussed below, this is an important
finding for understanding strain-hardening mechanisms
in this material. In order to confirm the dislocation
structures observed by ECCI, a sample was first ob-
served by ECCI under controlled diffraction conditions
and the same area was cut out using a FIB, and pre-
pared for TEM observations. Dislocation cells observed
in the same area by ECCI in SEM and bright-field TEM
are shown in Figure 3a and b, respectively. These figures
demonstrate that both microscopy techniques reveal ex-
actly the same structure, i.e. dislocation cells of around
1 lm average diameter. The ECCI technique also pro-
vides highly detailed images of the dislocation cell struc-
ture with the walls of cells clearly resolved and even
single dislocations inside the cells distinguishable. The
TEM image reveals that dislocation walls are formed
by very few dislocations, confirming the capacity of
the ECCI technique for resolving dislocation structures
of very low misorientation with respect to the matrix.

Figure 4 shows ECCI of mechanical twins and dislo-
cation cells under controlled diffraction conditions at
low and high magnification. Figure 4b shows that extre-
mely thin mechanical twins of 30 nm thickness can be



Figure 4. ECCI in SEM of dislocation cells and mechanical twins in a
tensile deformed Fe–22Mn–0.6C TWIP at (a) low magnification and
(b) high magnification.
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clearly imaged by ECCI. Due to the sharp dislocation
and interface contrast obtained by ECCI the interaction
between mechanical twin boundaries and dislocation
cells can be studied. Mechanical twins are seen to pass
through dislocation cells, leading to the formation of
new refined structures consisting of dislocation walls
and mechanical twins. As the strain hardening is con-
trolled by the dislocation mean free path [21], the size
of these structures must also be considered. Thus, the
dislocation mean free path is not only determined by
the twin spacing, as is commonly considered [1,4,5],
but also by the size of dislocation cells and the structures
formed after the interaction of mechanical twins with
the dislocation cells. The dislocation mean free path will
be determined by different structural lengths depending
on the strain level and the volume fraction of mechani-
cal twins.

Figures 3a and 4 confirm that the ECCI technique is a
powerful technique for characterizing deformed TWIP
steels containing dislocation cells and mechanical twins
by SEM. This is a significant advance in the microstruc-
tural characterization of deformed materials where these
structures are typically observed by TEM [1,4,22]. As
ECCI is a SEM technique it has the advantage over
TEM that much larger areas can be observed, as shown
in Figure 4a, and therefore quantitative microstructural
characterization can be carried out, which is essential for
understanding plasticity-related phenomena such as
strain hardening. In addition, SEM samples are easier
to prepare than TEM samples.

Dislocation cell structures and mechanical twins of
30 nm thickness have been imaged by ECCI in a tensile
deformed Fe–22Mn–0.6C TWIP steel using a novel
SEM–EBSD-based set-up. The observations provide
new insights into strain hardening of TWIP steels and
introduce the SEM-based ECCI technique as a powerful
tool for characterizing highly deformed metals. The new
set-up that we propose here provides an efficient and fast
means to perform ECCI under controlled diffraction
conditions in a conventional FEG scanning electron
microscope equipped with an EBSD system.
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