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Abstract
Electron Channeling Contrast Imaging (ECCI), a type of backscattered electron imaging 

in scanning electron microscopy (SEM) that utilizes electron channeling effects arising 
from the relationship between the incident electron beam and crystal orientation, enables 
direct observation of lattice defects such as grain boundaries and dislocations in polished 
bulk specimens. In this study, dislocation structures in ferrite were observed using SEM/
ECCI with precise control of the incident beam direction relative to the crystal planes. As a 
result, it was found that: (1) all dislocation contrasts observed in bright-field TEM images 
were also visible in SEM/ECCI; (2) dislocation contrast varied depending on the incident 
beam direction and accelerating voltage, indicating the existence of optimal imaging condi-
tions; and (3) SEM/ECCI is applicable for characterizing dislocations and evaluating strain 
fields around dislocations, similar to TEM.
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1.	 Introduction
Steel materials are widely used in structures and mechanical 

components that support social infrastructure, and therefore must 
exhibit a wide range of properties tailored to specific service envi-
ronments and performance requirements. Among these, mechanical 
properties such as strength, toughness, ductility, and fatigue charac-
teristics are critical criteria for material selection and design, as they 
directly govern material reliability and safety.

Dislocations are the primary carriers of plastic deformation that 
underlies these mechanical properties, and their behavior governs 
the mechanical response of materials. Consequently, the structure 
and dynamics of dislocations constitute critical analytical factors di-
rectly associated with improving the performance of steel materials.

In recent years, advances in high-precision techniques for ob-
serving and quantifying material microstructures have led to the di-
versification of dislocation analysis methods. Transmission electron 
microscopy (TEM) enables direct observation of atomic arrange-
ments and dislocation lines at the nanoscale, 1) making it effective 
technique for analyzing local dislocation structures and quantitative-
ly evaluating dislocation density. However, TEM requires thinning 
the sample to a thin film, involves advanced sample preparation 
techniques, and is limited by a restricted observable area. X-ray dif-
fraction (XRD) enables non-destructive quantification of dislocation 
density and character in bulk materials, 2) and is therefore widely 

employed as a practical evaluation method in industrial applications. 
However, dislocation analysis using XRD has limited in spatial res-
olution and is unsuitable for a detailed understanding of local dislo-
cation structures.

Against this background, numerous studies 3–6) have reported di-
rect observations of lattice defects such as grain boundaries and dis-
locations, in polished bulk specimens using electron channeling 
contrast imaging (ECCI) in scanning electron microscopy (SEM). 
SEM-based electron channeling contrast imaging (SEM/ECCI) is a 
back-scattered electron (BSE) imaging technique in SEM that ex-
ploits electron channeling effects arising from the relationship be-
tween the incident electron beam and the crystal orientation.

To observe dislocation contrast in arbitrary regions using the 
SEM/ECCI method, the orientation relationship between the inci-
dent electron beam and the crystal must be precisely controlled so 
as to achieve channeling conditions under which the backscattered 
electron rocking curve reaches a local minimum. 7) However, few 
studies have systematically investigated the influence of the electron 
beam incidence direction on dislocation contrast in the SEM/ECCI 
method. Pang et al. 8) simulated the contrast of screw dislocations in 
tantalum as a function of the deviation parameter w. Kriaa et al. 9) re-
ported that the apparent dislocation width varies with the incident 
electron beam direction within the Kikuchi band, even along the 
same reciprocal lattice vector g. Gutierrez 10) experimentally investi-
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gated the effect of w and concluded that channeling conditions with 
a large positive w value, such as w > 1.5 ± 0.5, are optimal for ob-
serving dislocation contrast.

This paper presents the results 11) of a detailed investigation into 
changes in dislocation contrast in ferrite using SEM/ECCI, in which 
the electron beam incidence angle relative to the crystal plane was 
precisely controlled by employing a piezoelectric element as the 
driving unit.

2.	 Effect of the Angle of the Incident Electron Beam 
in the SEM/ECCI Method 11)

Figure 1 (a) shows ECC images acquired with varying the inci-
dent electron beam direction relative to the (200) crystal plane of the 
observed ferrite grains. Figure 1 (b) shows the BSE intensity as a 
function of the sample tilt angle α about the tilt axis parallel to the 
(200) plane at accelerating voltages of 15 and 30 kV. The BSE in-
tensity represents the average over a 100 × 100 pixel area in the 
same region for each image (the red square region in Fig. 1 (a)). As 
the incident electron beam direction varied relative to the (200) 
plane, the BSE intensity exhibited pronounced changes in the vicin-
ity of the Bragg condition. In this study, the tilt angle difference be-
tween the (200) and (2‾00) Bragg positions in the ferrite was approx-
imately 2.8° at 30 kV. In contrast, the tilt angle difference between 

the channeling positions was approximately 3.6°, corresponding to 
the incidence conditions where the BSE intensity reaches a local 
minimum. These experimental results in good agreement with cal-
culated rocking curves of backscattered electron diffraction intensity 
near the Bragg condition, 7) indicating that the channeling condition 
is satisfied for deviation parameters w > 0, i.e., at incidence angles 
higher than the Bragg condition.

Dislocation observation using the SEM/ECCI method requires 
channeling conditions where the BSE intensity exhibits a local mini-
mum. Accordingly, the dislocation contrast near the channeling con-
ditions was investigated. Figure 2 shows an ECC image obtained 
by varying the incident electron beam direction relative to the (101‾) 
crystal plane of the ferrite grain. The dislocation contrast was found 
to vary with the tilt angle α in the vicinity of the channeling condi-
tions.

To quantitatively investigate the dislocation contrast near the 
channeling condition, the dislocation contrast intensity Idc and width 
Wdc were evaluated. Figure 3 shows an example of a BSE intensity 
profile for a dislocation indicated by the red arrow in Fig. 2. A line 
profile crossing the dislocation was obtained by averaging the BSE 
intensity over a 100 nm region of interest (ROI) defined along the 
dislocation line. The width of the ROI was adjusted for each dislo-
cation.

Fig. 1   BSE intensity as a function of the primary electron beam direction to the (200) crystal plane of a ferrite grain 11)

Fig. 2   Electron channeling contrast images obtained by changing the incident electron beam direction to the (101‾) crystal plane of ferrite grain at 30 kV 11)
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Idc was determined according to the following Equation (1). 10)

	 Idc = (Imax − Imin) / (Imax + Imin)			   (1)
where Imax and Imin are the maximum and minimum values of the 
BSE intensity profile crossing the dislocation, respectively. In this 
study, Wdc was evaluated as the full width at half maximum 
(FWHM) obtained by fitting a Gaussian function to the dislocation 
line profile.

For the ten dislocations indicated by the arrows in Fig. 2, Idc and 
Wdc were evaluated from a series of ECC images acquired by vary-
ing the incident electron beam direction relative to the (101‾) crystal 
plane of the ferrite grains. Subsequently, the average values of these 
parameters for ECC images obtained at the same tilt angle were cal-
culated and plotted as a function of the tilt angle α, together with the 
BSE intensity, as shown in Fig. 4.

For dislocation observation using the SEM/ECCI method, high 
Idc and small Wdc are desirable. Both parameters exhibited clear de-
pendence on the tilt angle α. While Wdc showed a valley-shaped 
minimum near the channeling condition, the maximum of Idc was 
shifted away from the channeling condition, where the BSE intensi-
ty reaches a local minimum. These experimental results indicate that 
the strongest dislocation contrast is obtained at w values higher than 
those corresponding to the channeling condition. Under channeling 
conditions, the dislocation line width varied depending on the dislo-
cation type, which is considered to reflect differences in the associ-
ated strain field arising from dislocation character, as described later.

3.	 Effect of Accelerating Voltage on Dislocation 
Contrast in SEM/ECCI Method 11)

Research on the effect of acceleration voltage on dislocation 
contrast in the SEM/ECCI method is limited, 3, 12) and there is ongo-
ing debate as to whether higher accelerating voltages have a positive 
or negative influence. Consequently, although dislocation observa-
tions using the SEM/ECCI method are performed at accelerating 
voltages of 10–30 kV, the optimal accelerating voltage condition has 
not been clearly defined.

As mentioned above, the tilt angle α required to satisfy the chan-
neling condition varies with accelerating voltage. Therefore, when 
comparing the same field of view, repeated adjustment of the inci-
dent beam direction to meet the channeling condition is required. 
Figure 5 shows ECC images of the same field of view acquired un-
der strictly controlled channeling conditions at stepwise accelerating 
voltages ranging from 15 to 30 kV. For the 10 dislocations indicated 
by white arrows in the ECC images of Fig. 5, Wdc was evaluated us-
ing the method described above, and the average values with accel-
erating voltage are plotted in Fig. 6. Because the BSE intensity var-
ies with accelerating voltage, brightness and contrast of the ECC 
images must be adjusted accordingly, rendering Idc unsuitable for 
quantitative comparison.

At accelerating voltages of 15–25 kV, Wdc decreased with in-
creasing accelerating voltage, whereas in the range of 25–30 kV, Wdc 
increased at 30 kV. As the accelerating voltage increases, the slope 

Fig. 3   Evaluation of dislocation contrast intensity Idc and width Wdc
 11)

Fig. 4	 BSE intensity and dislocation contrast as a function of tilt angle 
α around the Bragg position of g = 101‾ 11)

Fig. 5	 ECC images of the same field of view obtained under stepwise 
accelerating voltages of (a) 15, (b) 20, (c) 25 and (d) 30 kV, strictly 
satisfying channeling conditions with g = 01‾1‾ excitation

Fig. 6	 Dislocation contrast width Wdc as a function of accelerating volt-
ages 11)
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of the BSE intensity near the Bragg position becomes steeper (Fig. 
1). Therefore, the change in BSE intensity caused by local crystal 
rotation around the dislocation line under channeling conditions is 
considered to become more pronounced with increasing accelera-
tion voltage up to 25 kV.

Furthermore, the electron beam probe size is also considered to 
be a factor influencing Wdc. In this study, all ECC images were ac-
quired using the same working distance (WD) of 4 mm and an ob-
jective aperture diameter of 30 μm, ensuring an identical conver-
gence angle of the electron probe. However, the convergence angle 
required to minimize the probe size depends on the accelerating 
voltage, mainly due to the influence of diffraction aberration and 
spherical aberration at higher acceleration voltages. 13) Therefore, the 
Wdc obtained at 30 kV is considered to be inferior to that at 25 kV. 
Since the convergence angle of the electron probe is affected by the 
objective aperture diameter, WD, and the electron optical system of 
the instrument, it is necessary to establish optimal observation con-
ditions in addition to precise control of the incident electron beam 
direction.

4.	 Direct Comparison of Dislocation Contrast Be-
tween SEM/ECCI and Bright-Field TEM 11)

To verify the validity of the SEM/ECCI method for observing 
dislocation contrast, bright-field TEM (BF-TEM) observations were 
performed on the same thin foil containing ferrite grains. Figure 
7 (a) shows the BF-TEM image of a ferrite grain acquired from the 
front side of the thin foil under an excitation condition of g = 110. 
Figures 7 (b)–(d) show ECC images of the ferrite grain acquired 
from the front and back sides of the thin foil under excitation with g 
= 110. In the BF-TEM image, each dislocation with endpoints was 
independently observed from the front and back sides of the thin 
foil. Here, the dislocations observed in the BF-TEM image were la-
beled i–x (Fig. 7 (a)), and their correspondence with the dislocations 
in the ECC images (Fig. 7 (b)–(d)) was confirmed. Particular atten-
tion was paid to the dislocations labeled viii and x. These disloca-
tions were observed in the BF-TEM image (Fig. 7 (a)) and in the 
ECC image acquired from the front side of the specimen (Fig. 7 (b)), 
but were not observed in the ECC image acquired from the back 
side (Fig. 7 (c)). This result indicates that the dislocations corre-
sponding to viii and x are dislocations with endpoints at the surface 
and grain boundaries of the thin foil.

Furthermore, the dislocations labeled vii and ix were observed 
as continuous dislocation lines in the BF-TEM image (Fig. 7 (a)). In 
contrast, no dislocation contrast was observed near the central re-
gions of vii and ix in the ECC images. This is because these disloca-
tions penetrate through the thin foil and intersect both the front and 
back surfaces. While the BF-TEM image acquired at 300 kV en-
ables observation through the entire specimen thickness, the SEM/

ECCI method operated at 30 kV has a shallow information depth, 
which prevents observation of extending throughout the full thick-
ness of the specimen. The dislocation contrast obtained by BF-TEM 
and SEM/ECCI was acquired using the same diffraction vector and 
within the same field of view, showing good correspondence. These 
results experimentally demonstrate that the SEM/ECCI method, 
when strict channeling conditions are satisfied by precise control of 
the incident electron beam direction, enables the observation of in-
dividual dislocations in a manner comparable to that of the BF-TEM 
method.

5.	 Characterization of Dislocations by SEM/ECCI 11)

Figures 8 (a)–(d) show ECC images acquired within the same 
field of view using three different reciprocal lattice vectors g. Figure 
8 (e) shows the inverse pole figure (IPF) map of the observed grains, 
whose orientation is close to [111‾] relative to the specimen surface. 
The observed grain was slightly rotated about an axis parallel to 
(11‾0) due to the presence of a small-angle grain boundary at its cen-
ter. In Fig. 8 (a), the upper region of the grain was imaged under 
channeling conditions. Subsequently, by tilting the specimen stage 
0.8° about an axis parallel to (11‾0), an ECC image of the lower re-
gion of the same grain was acquired (Fig. 8 (b)). For example, in the 
ECC image obtained using the reciprocal lattice vector g = 1‾01‾, the 
dislocation contrast corresponding to the trace line of [11‾1‾] direction 
disappeared (Fig. 8, white arrow). Assuming that the Burgers vector 
b of dislocations in the ferrite grain corresponds to the closest-
packed direction, b = a/2 <111> (where a is the lattice constant), the 
Burgers vectors b = a/2 ± [11‾1‾] and b = a/2 [111‾] satisfy the invisi-
bility condition g·b = 0 for the reciprocal lattice vector g = 1‾01‾. 
Since the ± [111‾] direction is perpendicular to the surface of the ob-
served grain, the Burgers vector b of the dislocation indicated by the 
white arrow can be identified as b = a/2 ± [11‾1‾]. Furthermore, be-
cause the dislocation line vector u is parallel to b, these dislocations 
are identified as screw dislocations with b = a/2 ± [11‾1‾].

Similarly, characterization of the dislocations revealed that many 
of the dislocations exhibiting vanished contrast were screw disloca-
tions. In Addition, edge dislocations, for which the Burgers vector b 
and the dislocation line vector u are mutually orthogonal, were also 
observed (Fig. 8, gray arrows).

Figure 9 (a) shows a comparison of the dislocation contrast for 
dislocation s1 (screw dislocation) and e1 (edge dislocation) identi-
fied in Fig. 8. Wdc of the screw and edge dislocation indicated by the 
white and gray arrows in Fig. 8 were evaluated, and their respective 
average values are plotted in Fig. 9 (b). A clear difference in Wdc was 
observed between the two dislocation types, with the contrast width 
of the edge dislocations exhibiting a wider contrast width than that 
of the screw dislocations.

According to BF-TEM image calculations based on dynamical 

Fig. 7   Direct comparison of details in the dislocation contrast of bright-field (BF) TEM and ECC images 11)
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diffraction theory, 14, 15) the width of a pure edge dislocation lying 
parallel to the specimen surface is approximately twice that of a 
pure screw dislocation. This difference originates from the distinct 
strain fields associated with each type of dislocation. The experi-
mental results shown in Fig. 9 are consistent with the calculated BF-
TEM images. Therefore, because the SEM/ECCI method enables 
precise control of the incident electron beam direction, it is an effec-
tive technique for dislocation characterization and for visualizing 
difference in strain fields between screw and edge dislocations, in a 
manner comparable to the TEM method.

6.	 Conclusion
This paper presented examples of detailed observation of dislo-

cation structures in ferrite using the SEM/ECCI method. It demon-
strated that all dislocation contrasts observed in bright-field TEM 
images can also be observed by SEM/ECCI; that dislocation con-
trast varies with the electron beam incidence angle relative to the 
crystal plane and with the accelerating voltage, and that optimal ob-
servation conditions exist; and that SEM/ECCI, similar to TEM, can 
be used for dislocation characterization and for evaluation the strain 
fields surrounding dislocations. By precisely controlling the direc-
tion of the incident electron beam relative to the crystal plane during 
SEM/ECCI observation, dislocation contrast comparable to that ob-
tained by TEM can be achieved without the need for thin-foil speci-

men preparation. Furthermore, the applicability of the SEM/ECCI 
method is expected to expand, enabling more extensive observa-
tions, including dislocation contrast analysis in bulk specimens.
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