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Abstract

Nanoscale dislocation loops formed by irradiation can significantly contribute to both irradiation 

hardening and embrittlement of materials when subjected to extreme nuclear reactor 

environments. This study explores the application of scanning transmission electron microscopy 

(STEM) – weak-beam dark-field (WBDF) methods for quantitative irradiation-induced defect 

analysis in crystalline materials, with a specific focus on dislocation loop imaging and analysis. 

A high-purity Fe-5 wt.%Cr model alloy was irradiated with 8 MeV Fe2+ ions at 450°C to a 

fluence of 8.8×1019 m-2, inducing dislocation loops for analysis. While transmission electron 

microscopy (TEM) has traditionally been the primary tool for dislocation imaging, recent 

advancements in STEM technology have reignited interest in using STEM for defect imaging. 

This study introduces and compares three STEM-WBDF methods, demonstrating their 

effectiveness in suppressing background contrasts, isolating defect information for dislocation 

loop type classification, providing finer dislocation line images for small loop analysis, and 

presenting inside-outside contrast for identifying loop nature. Experimental findings indicate that 

STEM-WBDF methods surpass traditional TEM approaches, yielding clearer and more detailed 

images of dislocation loops. The study concludes by discussing the potential applications of 

STEM-WBDF techniques in defect analysis, emphasizing their adaptability across various 

material systems beyond nuclear materials.

Keywords: Dislocation; STEM; Weak beam dark field; Dislocation loops; Irradiation-induced 
defects, TEM
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1 Introduction

Understanding the mechanical properties of crystalline materials relies heavily on using 

transmission electron microscopy (TEM) to characterize dislocations (Hirsch & Whelan, 1960; 

Howie, et al., 1962), which are among the most important defects in engineering materials for 

structural applications. Recent studies (Phillips, et al., 2011a; Phillips, et al., 2011b) have shown 

that conventional 𝑔·𝑏 invisibility criteria for dislocation imaging in diffraction contrast TEM are 

applicable in scanning transmission electron microscopy (STEM) when the experimental setting 

is appropriate, offering specific advantages. These advantages include a higher signal-to-noise 

ratio and reduced thickness fringes, bend contours, and other dynamical contrast effects. In 

nuclear material research, irradiation can induce dislocation loop formation (Lin, et al., 2021), 

which can be visualized using the same 𝑔·𝑏 invisibility criteria applied to dislocations (Yao, et 

al., 2013). Investigating dislocations and dislocation loops in irradiated materials is crucial for 

understanding the effects of irradiation on material properties and evaluating a material's lifetime 

in extreme nuclear reactor environments (Zinkle, 2020).

Recent advancements in STEM (Liu, 2021), including spherical aberration correction and 

the development of direct electron and pixelated STEM detectors, have renewed interest in  

STEM imaging of dislocations and irradiation-induced defects (e.g., cavities, stacking faults, and 

point defect clusters) (Fung, et al., 2018; Lin, et al., 2014; Parish, et al., 2015). Although TEM 

methods have traditionally dominated dislocation imaging, STEM using convergent beams 

emerged as a promising alternative as early as the 1970s (Maher & Joy, 1976). Apart from 

dislocation contrast, diffraction of the electron beam introduces additional dynamical contrast 

such as bend contours and thickness fringes (Heidenreich, 2004). These can complicate image 

contrast, potentially obscuring the finer details of dislocations, dislocation loops, or other 
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microstructures/defects under TEM operating conditions. To deal with this unfavorable situation, 

STEM methods for imaging dislocations with suppressed background contrasts due to dynamical 

diffraction effects were proposed. This takes advantage of the oscillation of the electron beam in 

STEM mode, which can significantly cancel out dynamical diffraction contrasts when the size of 

the convergence semi-angle (α) and the collection angle (β) are well arranged (Zhu, et al., 2018). 

A “clean background” free of dynamical diffraction effects is especially crucial for analyzing 

defects and microstructures in irradiated materials. Irradiation-induced defects, like dislocation 

loops or cavities, can be as small as 1 nm—much smaller than the length of dislocation lines, 

which can extend thousands of nanometers. Additionally, when using focused ion beam (FIB) 

methods to prepare TEM samples, FIB damages can produce “black dot” or “black spot” defects, 

complicating differentiation from very fine irradiation-induced loops (Zhong, et al., 2022). 

Recent studies demonstrated that the flash electropolishing method minimizes this artifact by 

removing the thin layer with FIB damage from FIB-produced TEM samples of steel or other 

alloys (Li, et al., 2023).

Dislocation loops play a significant role in irradiation hardening and embrittlement of 

materials at low-to-intermediate temperatures, making their analysis central to understanding the 

materials’ response to irradiation (Klueh, et al., 2008). Traditionally, determining the Burgers 

vector of a loop involves imaging with at least two non-collinear g vectors, a time-consuming 

process requiring sample tilting. Yao et al. (Yao, et al., 2013) introduced a efficient method in 

TEM mode, based on the projected loop orientation and features (e.g., edge-on, plan-view, or 

elliptical loops) at specific zone axes, to determine loop types (e.g., ½ 〈111〉 or 〈100〉 loops) in 

irradiated BCC Fe-based steels. This method was later extended to STEM mode by researchers 

(Parish, et al., 2015; Xiu, et al., 2021) for examining dislocation loops in BCC and FCC 
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materials under certain zone axes. However, these methods have limitations when the loop 

diameter is less than 5-10 nm. When the thickness of the loop's contour line is similar to the loop 

size, the loop appears as a “black dot” loop for every type of loop. This makes it impossible to 

preserve the crystallographic information of these loops for on-zone imaging in both TEM and 

STEM modes.

To address these gaps, this study focuses on applying various STEM methods for dislocation 

loop imaging, and comparing them to traditional TEM methods. Although previous studies have 

demonstrated the value of bright-field (BF) STEM over traditional TEM methods (Parish, et al., 

2015; Wang & Bentley, 1991; Xiu, et al., 2021), our current investigation uniquely focuses on 

the advantages of weak-beam dark-field (WBDF) STEM. We outline steps for establishing 

WBDF conditions for dislocation loop imaging in STEM mode and discuss the advantages of 

using WBDF-STEM for dislocation and dislocation loop analysis. The proposed approach 

involves using the WBDF-STEM method to capture finer details of dislocation loops and 

determine their Burgers vector and nature (e.g., interstitial or vacancy type). Furthermore, this 

method proves particularly beneficial in accurately locating dislocation line and loop cores, 

especially in situations involving bent samples, small black dot loops, or crowded defects. 

Importantly, this approach extends beyond irradiated materials, offering a versatile method for 

defect analysis in other material systems.

2 Materials and Methods

2.1   Sample preparation

The study employed a body-centered-cubic (BCC) high-purity Fe-5 wt.%Cr model alloy. 

To induce dense dislocation loops, the Fe-5Cr samples underwent irradiation with 8 MeV Fe2+ 

ions (with an ion range of ~2 μm) at 450°C at the Michigan Ion Beam Laboratory (MIBL) to a 
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total fluence of 8.8×1019 m-2 (equivalent to doses of ~3.7 dpa at midrange, ~1 μm). Details of the 

material and irradiation experiments can be found elsewhere (Zhu, et al., 2024). Prior to the FIB 

lift-out process for TEM sample preparation, a Zeiss EVO SEM equipped with an electron 

backscatter diffraction (EBSD) detector was used to identify grains with a surface plane {100} 

and a normal close to the 〈100〉 zone axes. Subsequently, TEM samples were prepared using a 

Zeiss Auriga SEM-FIB, employing a 30kV Ga probe throughout the FIB process with ion beam 

currents ranging from 12 nA to 50 pA. The flash electropolishing method, as reported in a 

previous study (Yao, et al., 2013), was applied to remove FIB-induced damages from the TEM 

foil surfaces. All TEM sample preparations were conducted at the Institute for Advanced 

Materials & Manufacturing (IAAM) lab at the University of Tennessee, Knoxville. TEM and 

STEM analyses were performed using a JEOL 2100F operated at 200kV, located at the Low 

Activation Materials Development and Analysis (LAMDA) laboratory at Oak Ridge National 

Laboratory.

2.2 TEM and STEM imaging conditions

The distribution of dislocation loops is shown in the STEM images of the ion-irradiated 

Fe-5Cr cross-section sample, where the ion beam had been injected perpendicular to the surface 

(top of Figs. 1a and 1b). In BCC Fe systems, ion irradiation can induce ½ 〈111〉{111} and 〈100〉

{100} dislocation loops, as schematically shown in Figs. 1d and c. For ion irradiation of a {100} 

surface with the [100] zone axis, ½ 〈111〉 elliptical loops align either parallel to [011] or [011]. 

Conversely, [001] and [010] loops exhibit an edge-on orientation, with [001] loops 

perpendicular to [002] and [010] loops perpendicular to [020]. Finally, [100] loops are visible 

as plan-view loops. In general, 〈100〉 loops in irradiated Fe-Cr alloys dominate at elevated 

temperatures (Yao, et al., 2010), in agreement with the STEM bright-field (BF) and annular 
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dark-field (ADF) images in Figs. 1a and 1b, respectively. All STEM images in this study were 

captured at a camera length of 8 cm, STEM convergence angle of 4 or 13 mrad, BF detector 

collecting angles from 0-11 mrad, and the ADF detector collecting angles from 19-42 mrad. 

Setting up STEM-WBDF imaging conditions involved using the objective (OL) aperture to 

select the desired diffraction disk, as depicted in Fig. 1f.

Fig 1. STEM imaging conditions for dislocation loops in ion irradiated Fe-5Cr: (a, c) STEM-BF and (b, d) 
STEM-ADF micrographs acquired along the [100] zone axis with an 8 cm camera length. (e) Schematic 
diagram illustrating the projected loop types along the [100] zone axis, corresponding to the crystal 
orientation in Fig. 1d. ½ 〈111〉 elliptical loops are depicted in red, while 〈100〉 loops are in blue. (f) 
Illustration of the size and collection angles of the BF and ADF detectors, as well as the OL aperture (BF: 
bright-field, ADF: annular dark-field, OL: objective).

To optimize the suppression of dynamical background contrasts in STEM images for the 

JEOL 2100F, we tested the 70 μm, 50 μm, and 10 μm condenser (CL) apertures with a fixed 

camera length of 8 cm, imaging the same area of interest (Fig. 2). For TEM imaging, the 70 μm 
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condenser aperture was used. In Figs. 2b-d, the convergent beam electron diffraction (CBED) 

patterns clearly demonstrate a decrease in diffraction disc size with decreasing condenser 

aperture sizes. The corresponding incident angles (α) are labeled on the lower left of the CBED 

patterns. Overall, STEM images (Figs. 2 f-h) exhibited superior suppression of background 

contrast compared to the TEM image (Fig. 2e). Among the STEM imaging conditions, the 50 μm 

CL aperture with an intermediate size produced the best STEM-BF image with suppressed 

background contrast (Fig. 2g). This supports the previous study by Zhu et al. indicating that 

Kossel-Mollenstedt (K-M) fringes can largely “cancel out” when the α angle is reasonably large, 

and the β angle is comparable to the α angle (Zhu, et al., 2018). However, for STEM-WBDF 

methods, the diffraction disc in the CBED patterns needs to be separated to isolate the diffraction 

signal. Therefore, in this study, the 10 μm CL aperture was used for STEM-WBDF imaging (Fig. 

2d).

Fig 2. Comparison of background contrast in TEM and STEM modes with varying condenser (CL) aperture 
sizes ranging from 10 to 70 µm: (a) selected area electron diffraction (SAED) pattern in TEM mode from 
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Fig. 2e. (b-d) convergent beam electron diffraction (CBED) patterns from Figs. 2f-h. (e) TEM-BF image. 
(f-h) STEM-BF images. All images were captured in the identical area along the [001] zone axis.

In this study, we compared three STEM-WBDF methods, two from previous studies 

(Iwata & Saka, 2017; Miao, et al., 2018) and one newly proposed herein. The detailed steps for 

setting up STEM-WBDF conditions are summarized in Table 1 and Figs. 3 b-d. Method 1, akin 

to the conventional WBDF setup in TEM mode, involved exciting the 3g diffraction vector and 

detecting the transmitted beam on the BF detector and one diffracted beam on the ADF detector, 

with an objective aperture used to filter out information from other diffraction signals. Method 2 

utilized a shifted convergent beam electron diffraction (CBED) pattern via the projector system, 

moving the g disc to the BF detector, which functioned as both a signal collector and an 

"aperture." In Method 3, the sample was tilted to the standard two-beam condition by exciting 

the g beam with an excitation error near zero, and a proper objective aperture was inserted to 

allow only the -g beam to be detected on the ADF detector.

Table 1. Procedures for acquiring WBDF images in TEM and STEM modes.
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TEM
STEM method 1

(Miao, et al., 2018)

STEM method 2

 (Iwata & Saka, 2017)
STEM method 3

Step 
1

Tilt the sample to satisfy 
Bragg condition for g

Tilt the sample to 
satisfy Bragg 

condition for 3g

Tilt the sample to 
satisfy Bragg condition 

for 3g

Tilt the sample to 
satisfy Bragg 

condition for g

Step 
2

Deflect the direct-beam 
(T) beam to –g (Now 

Bragg condition for 3g 
is satisfied)

Set camera length 
long enough to 

separate the CBED 
discs

Set camera length long 
enough to separate the 

CBED discs

Set camera length 
long enough to 

separate the CBED 
discs

Step 
3

Insert an objective 
aperture to cover g

Insert an objective 
aperture to cover g

Bring the g disc to the 
center of the detector 

by deflector of the 
projector lens

Insert an objective 
aperture to cover -g

Step 
4 Record the image

Record the image 
by STEM-ADF 

detector

Record the image by 
STEM-BF detector

Record the image 
by STEM-ADF 

detector

3 Results

Fig. 3 shows a compilation of BF and WBDF micrographs of dislocation loops in 

irradiated Fe-5Cr through diverse TEM and STEM methods, as outlined in Table 1 and 

illustrated in Figs. 3a-d. All images are recorded from the identical region of the TEM foil to 

enable a direct comparison of contrast variations. The cropped SAED and CBED patterns in the 

lower right of each micrograph indicate the positions of the optic axis, direct beam (T), 

diffraction beam (𝑔 = [011]), detector (BF or ADF), and OL aperture. In TEM-BF (Fig. 3e) and 

TEM-WBDF (Fig. 3i) micrographs, discernible thickness fringes and background contrasts are 

evident. It was noted that all BF and WBDF micrographs obtained through the three STEM 

methods exhibited a suppression of thickness fringes (Fig. 3). Notably, the contrast of the images 

using STEM Method 2 was inverted between detectors; that is, ADF images were obtained using 

the BF detector (Fig. 3g) and BF images were obtaining using the ADF detector (Fig. 3k). 
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Furthermore, in Fig. 3k, the dislocation loops in the upper half of the image display dark 

contrast, whereas in the lower half, the loops exhibit white contrast. Lastly, in the comparison 

between STEM method 1 and method 3, the results were generally aligned, with minor 

differences in contrast intensity and the thickness of the loop's contour line.

Fig 3. Collection of Bright-Field (BF) and Weak-Beam Dark-Field (WBDF) micrographs of dislocation 
loops in irradiated Fe-5Cr, captured through various TEM and STEM techniques: (a-d) schematic diagram 
illustrating the imaging conditions; (e) TEM-BF and (i) TEM-WBDF micrographs (column 1); (f) STEM-
BF and (j) STEM-WBDF micrographs using STEM Method 1 (column 2); (g) STEM-BF and (k) STEM-
WBDF micrographs using STEM Method 2 (column 3); (h) STEM-BF and (l) STEM-WBDF micrographs 
using STEM Method 3 (column 4). T is the direct beam and g is the diffraction beam with g=011.

As summarized in Table 2, identifying loop types necessitates a minimum of two non-

colinear diffraction vectors with 𝑔 ∙ 𝑏 = 0. This is because, in three-dimensional space, a vector 

is determined by the cross product of two non-colinear vectors. To investigate whether the 

classic 𝑔·𝑏 invisibility criteria in TEM-WBDF condition is applicable to STEM-WBDF methods, 
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we focused on a higher-magnification area, tilting the sample along different g vectors to verify 

the appearance of distinct types of loops (Table 2). In Fig. 4, all the images were taken near or 

along the [100] zone axis. Figs. 4a and 4e are the STEM-BF and STEM-ADF images acquired 

in the on-zone condition, respectively. Consistent with previous on-zone STEM studies (Parish, 

et al., 2015; Xiu, et al., 2021), all types of dislocation loops were visible along the [100] zone 

axis. Edge-on defects corresponded to vertical [010] or horizontal [001] dislocation loop types, 

small plan-view loops were [100] loops, and several ½ 〈111〉 elliptical loops were also evident. 

When tilting the sample towards the 𝑔 = [002] direction to set up the (g, 3g) weak-beam 

condition without an objective aperture on the g diffraction disc (Figs. 4b and 4f), vertical [010] 

loops, which should not be present according to the 𝑔[002] ∙ 𝑏[010] = 0 criteria, still exhibited 

loop contrast with reduced intensity. After inserting an appropriately-sized objective aperture 

covering only the g diffraction disc, the vertical [010] loops in STEM-WBDF images were 

eliminated, as indicated by the green box in Fig. 4g. The plan-view [100] loops, marked by the 

blue box in Fig. 4g, also vanished following the 𝑔[002] ∙ 𝑏[100] = 0 criteria. Additionally, no 

signal was detected by the BF detector when the objective aperture was inserted and 

appropriately covered the g diffraction disc, as shown in Fig. 4c. Similar results were observed 

when tilting the sample toward the 𝑔 = [011] direction, impacting the ½ 〈111〉 loop contrast, as 

marked by the yellow box in Fig. 4h.

Table 2. The dot product calculation involving all seven Burgers vectors and diffraction vectors under the 
major zone axes in the BCC iron system.

Zone g\b 111 111 111 111 100 010 001

200 2 2 2 -2 2 0 0
001

020 2 2 -2 2 0 2 0
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110 2 2 0 0 1 1 0

110 0 0 2 -2 1 -1 0

200 2 2 2 -2 2 0 0

211 2 0 4 -2 2 -1 1

011 0 -2 2 0 0 -1 1

211 -2 -4 0 2 -2 -1 1

011

101 0 -2 0 2 -1 0 1

211 0 -2 -2 4 -2 1 1

110 0 0 2 -2 1 -1 0

121 0 2 -4 2 -1 2 -1

011 0 -2 2 0 0 -1 1

111

112 0 4 -2 -2 1 1 -2
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Fig 4. Appearance of dislocation loops imaged under various g vectors with and without objective 
apertures: (a-d) images recorded using the STEM-BF detector and (e-h) STEM-ADF detector. Images were 
acquired on-zone, weak-beam 𝑔 = [002] without an objective aperture, and weak-beam 𝑔 = [002] and [
011] with an objective aperture. The zone axis was near or along [100].

A critical aspect of dislocation loop analysis involves determining their nature, whether 

interstitial or vacancy type. Traditionally, loop nature analysis depended on the inside-outside 

contrast technique (Jenkins, 1994), which can be challenging when dealing with complicated 

background contrast and small dislocation loops. Fig. 5 clearly demonstrates that STEM-WBDF 

images can reveal the inside-outside contrast of the small edge-on dislocation loops under 

diffraction conditions 𝑔 = [011] or 011  with 𝑠𝑔 > 0. Fig. 5 also shows that the [010] and 

[001] edge-on dislocation loops appear as loop strings aligned along the 〈001〉 planes, rather 

than forming a single large dislocation loop. Similar observations were evident in plan-view 

[100] loops, exemplified by the "flower shape" loop near the bottom of Figs. 1a and 1b. 
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Fig 5. STEM on-zone and WBDF images demonstrating the inside-outside contrast of dislocation loops: 
(a-c) STEM-BF images, and (d-f) STEM-ADF. The orientation of the g vector is indicated by the pink 
arrow.

To evaluate the applicability of the inside-outside contrast mechanism with STEM-

WBDF methods, a specific ½ 〈111〉 loop was examined by both TEM and STEM with the same 

imaging condition (Fig. 6). Although the STEM-WBDF image exhibited a cleaner background 

contrast and stronger loop contrast compared to the TEM-WBDF images, both TEM-WBDF and 

STEM-WBDF images of the loop indicated by the yellow dashed-lines in Fig. 6 displayed 

outside contrast when 𝑔 = [011] and inside contrast when 𝑔 = 011 . Following Föll's 

convention (Föll & Wilkens, 1975), the loop nature was determined to be of the interstitial type. 

In the ion-irradiated Fe-5Cr sample, nearly all of the dislocation loops were observed to be 

interstitial type, in agreement with expectations from prior studies on irradiated Fe alloys (Chen, 
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et al., 2016; Haley, et al., 2017). It is noted that in BCC Fe systems, irradiation-induced loops are 

assumed to be perfect loops, obviating the need to consider reverse inside-outside behavior for 

specific orientations. This demonstrates that the inside-outside contrast technique can be 

effectively combined with the STEM-WBDF method, providing better image quality for 

accurately determining the dislocation loop nature.

Fig 6. TEM and STEM WBDF images demonstrated the inside-outside contrast of an ½ 〈111〉 interstitial 
dislocation loop, indicated by the yellow-dashed lines: TEM-WBDF images with (a) 𝑔 = [011] and (b) 
𝑔 = 011 ; STEM-WBDF images with (a) 𝑔 = [011] and (b) 𝑔 = 011 . The zone axis was near [100].

4 Discussion

4.1 Isolating Information on the Type and Nature of Dislocation Loops
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In the early development of STEM defect imaging, the theory relied on the principle of 

reciprocity (Humphreys, 1981), where 𝛼𝑠 = 𝛽𝑐 and 𝛼𝑐 = 𝛽𝑠, with 𝛼, 𝛽, 𝑐, and 𝑠 denoting incident 

angle, collection angle, TEM, and STEM, respectively. To optimize STEM advantages, such as 

smearing out thickness fringes and bending contours, a condition of βs being larger than αc is 

desirable. Previous studies (Maher & Joy, 1976; Phillips, et al., 2011b) demonstrated that for fine 

details of defects to be visible in STEM images, it is essential to have 𝛽𝑠 ≈ 10𝛼𝑐. Precise control 

of the 𝛼𝑐-to-𝛽𝑠 ratio, achieved by adjusting the camera length and condenser aperture size, 

enabled defect micrographs in STEM mode with suppressed thickness fringes and bending 

contours to be obtained (Zhu, et al., 2018). However, setting up the optimal STEM-WBDF 

imaging condition with background-suppressed (suppression of dynamical contrast effect in the 

matrix) images requires consideration of the best combination of camera length, CL aperture 

size, OL aperture size, and collection angles for BF/ADF detectors, which may vary between 

microscopes and different materials or g vectors. In Fig. 2, although the 50 μm CL aperture 

showed the best background-suppressed STEM-BF images (Fig. 2g), the diffraction discs were 

too large and overlapped for BCC Fe along the [100] zone axis (Fig. 2c), thus making it 

challenging to set up the STEM-WBDF condition because the diffraction discs overlapped. A 

possible solution was to use a smaller CL aperture, slightly sacrificing background contrast 

suppression, as demonstrated in this study with the smaller 10 μm CL aperture (Fig. 2d) in the 

JEOL 2100 for STEM-WBDF setting. Another potential solution can involve the careful use of 

the JEOL “free lens control” that permits users to adjust the convergence angle for a given 

condenser aperture.

According to electron diffraction theory (Hirsch & Whelan, 1960), the half-width of a 

TEM-imaged dislocation line is approximately ~𝜉g /3 (where 𝜉g is the extinction distance) under 
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a two-beam approximation with vector g excited, typically around ~10 nm. Consequently, 

determining the dislocation loop type solely with on-zone STEM-BF images may be challenging 

when the loop diameter is less than ~10 nm, making them appear as tiny “black dot” defects. 

Moreover, unlike the model alloys used in this study for fundamental research, nuclear materials 

typically comprise complex material systems in which dislocation loops can coexist with 

primitive dislocation lines, precipitates, and other irradiation-induced defects. For instance, it is 

common to observe dislocation loops nucleating around preexisting dislocations (Hernández-

Mayoral, et al., 2016; Wen, et al., 2005). When different features overlap in the TEM/STEM 

projected images, this complexity poses a challenge in identifying and quantifying the loop type 

based on loop morphology and orientation in on-zone STEM images (Xiu, et al., 2021). Hence, 

employing STEM-WBDF methods for dislocation loop analysis is beneficial for isolating 

information on the type and nature of dislocation loops by tilting the sample to different g 

vectors.

It is worth noting that an appropriate setup, including the use of an objective aperture, is 

necessary to obtain "clean" STEM-WBDF images. Without an objective aperture in the STEM-

WBDF method, an ADF detector may receive multiple non-systematic diffraction beams. TEM 

calculations and experiments have demonstrated that the dislocation images would be altered if 

non-systematic diffraction beams are contributed to the resultant image (Häussermann, et al., 

1973; Sandström, et al., 1974). As shown in Fig. 3k, dark-contrast loops at the top of the image 

were formed with signals from the direct beam T, whereas bright-contrast loops at the bottom 

primarily originate from the 2g beam signal. Although the middle region of Fig. 3k appeared to 

be defect-free, other images revealed the presence of loops in this region. Loops in the middle 

region were invisible or “canceled” out because the ADF detector detected signals from both the 



19

direct beam T and the 2g beam. This suggests that when multiple beams hit one detector 

simultaneously, some information can be lost. Therefore, it is advisable for the operator to align 

the microscope properly and confirm the optic axis, CBED pattern, objective aperture, and 

BF/ADF detectors are all in the desired position before recording STEM-WBDF images. As a 

setup verification example (Fig. 4), when employing an optimal configuration of STEM-WBDF 

method 1, the g disc is covered by the objective aperture. The objective aperture should 

effectively block all diffracted and direct beams, excluding the g beam. Consequently, no signal 

can be collected by the STEM-BF detector (Figs. 4c and 4d).

4.2 Achieving Improved Resolution of Dislocation Lines in WBDF Conditions

As shown in Figs. 3-6, STEM-WBDF is a superior technique for imaging finer details of 

dislocations loops. To achieve a significant reduction in the half-width (thickness of the 

dislocation line), the excitation error of the g beam must be sufficiently large. The criteria for 

optimal WBDF condition are met with (Cockayne, 1973):

(i) |𝑠𝑔𝜉𝑔| ≥ 5 

(ii) |𝑠𝑔| ≥ 0.2 nm-1

(iii) No other spots are strongly excited.

where 𝑠𝑔 and 𝜉𝑔 are the excitation error and the extinction distance of the diffraction beam g, 

respectively. Cockayne (Cockayne, 1973) established these conditions in TEMs at 100kV, and 

calculations demonstrated validity at higher voltages (Sandström, 1973). Cockayne proposed two 

WBDF setups: (1) exciting a higher-order g spot, such as (g, 3g), or (2) a lower-order negative g 

spot, such as (-g, g). Typically, TEM operators more commonly choose condition (1) with 

positive n likely because it intuitively aligns with the requirement that |𝑠𝑔| ≥ 0.2 nm-1. Based on 

weak beam microscopy theory (Williams & Carter, 2009) and lattice parameters in the Inorganic 
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Crystal Structure Database (ICSD) (Hellenbrandt, 2004), Table 3 and Table 4 list the |𝑠𝑔| = 0.2 

nm-1 condition for several materials with different g vectors with accelerating voltages of 200 kV 

and 300 kV. Here, n and -n refers to the values where the Ewald sphere intersects. From Table 3 

and Table 4, two conclusions could be drawn: (1) for the same absolute value of 𝑠, the sum of 

positive n and negative n is 2, irrespective of the chosen excitation error. (2) Compared to 

WBDF with positive g, achieving WBDF with negative g of the same magnitude of s is easier 

and has a lower likelihood of exciting other non-systematic diffraction spots. In other words, for 

the ideal WBDF condition with the narrowest dislocation lines, (g, 3g) may not always be the 

best condition.

Table 3. The value of n and -n for (g, ng) WBDF imaging conditions that reach |𝑠𝑔| =0.2 nm-1 for several 
BCC materials

200kV 300kVThe g spot for 
imaging α-Fe Mo* V* α-Fe Mo* V*

110 7.6 / -5.6 8.9 / -6.9 9.6 / -7.6 9.4 / -7.4 11 / -9 11.9 / -9.9

200 4.3 / -2.3 4.9 / -2.9 5.3 / -3.3 5.2 / -3.2 6 / -4 6.5 / -4.5

211 3.2 / -1.2 3.6 / -1.6 3.9 / -1.9 3.8 / -1.8 4.3 / -2.3 4.6 / -2.6

* The condition for BCC W is similar to the one for Mo and the condition for BCC Ta is similar to the one for V.

Table 4. The value of n and -n for (g, ng) WBDF imaging conditions that reach |𝑠𝑔| =0.2 nm-1 for several 
FCC materials
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200kV 300kV
The g spot for 

imaging
Ni Cu γ-Fe Ni Cu γ-Fe

111 7.6 / -5.6 7.9 / -5.9 8.1 / -6.1 9.4 / -7.4 9.8 / -7.8 10 / -8

200 5.9 / -3.9 6.2 / -4.2 6.3 / -4.3 7.3 / -5.3 7.6 / -5.6 7.8 / -5.8

220 3.5 / -1.5 3.6 / -1.6 3.7 / -1.7 4.1 / -2.1 4.3 / -2.3 4.4 / -2.4

4.3 Recommendations and Potential Applications

The STEM-WBDF method 3 proposed in this study was inspired by Cockayne's negative n 

WBDF setup (Cockayne, 1973). As shown in Fig. 7, both the (g, 3g) and (-g, g) conditions for 

STEM-WBDF (Figs. 7c and 7d) yielded similar results with narrower dislocation lines compared 

to the images acquired under a two-beam condition (Figs. 7a and 7b). In Fig. 3, all three variants 

of STEM-WBDF methods presented similar and optimal WBDF images. Among these methods, 

the (-ng, g) condition (see STEM-WBDF method 3 in Table 1.) may be considered to be a more 

efficient method with a lower likelihood of error, as it generally requires less sample tilting 

compared to the setup of the (g, ng) condition. Note that in STEM mode, unlike TEM mode, 

deflecting the direct beam to meet the Bragg condition for WBDF imaging is not possible. The 

STEM-WBDF method 2 (see Table 1) is simply shifting the CBED pattern with the projection 

system without affecting the excitation of a specific g disc, unlike the beam deflect (or beam tilt) 

in TEM mode.
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Fig 7. Comparison of dislocation thickness in two beam and STEM-WBDF conditions with 𝑔 = [110]: 
(a-b) two beam condition, (c) STEM-WBDF (-g, g) condition, (d) STEM-WBDF (g, 3g) (e-f) corresponding 
CBED patterns for the WBDF images.

In addition to the advantages for using STEM for defect analysis, employing STEM-

WBDF methods for dislocation loop analysis provides an effective means to isolate defect 

information efficiently, ensuring a clearer understanding of dislocation loop types. Furthermore, 

these methods produce narrow dislocation lines, enabling in-depth analysis of small loops, and 

permit inside-out contrast analysis for precise identification of dislocation loop nature. The 

STEM-WBDF methods can be used not only to improve dislocation loop imaging but also to 

analyze dislocation lines in various material systems. Any dislocation analysis conducted using 

the WBDF method in TEM mode in the past can take advantage of the STEM-WBDF methods. 

For example, the Burgers vector can be determined for dislocation types such as perfect, 
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Shockley partial, or Frank partial dislocations. It is necessary to perform a full 𝑔 ∙ 𝑏 analysis to 

determine the Burgers vector of defects, as well as conduct slip trace analysis across other zone 

axes to identify the slip plane. Additionally, by extending the concept of using objective 

apertures to select signals from specific g discs in STEM mode, precipitate analysis, such as for 

centered-dark field (CDF) conditions (Spadotto, et al., 2020), may also derive potential benefit 

when selecting precipitate or superlattice reflections for imaging.

STEM mode also offers direct accessibility when combined with energy-dispersive X-ray 

spectroscopy (EDXS) and electron energy loss spectroscopy (EELS) techniques, enabling 

elemental or thickness mapping within the same imaging area. This integrated approach provides 

a detailed understanding of solute segregation or element enrichment near or on the dislocations. 

However, when conducting STEM-EDXS or EELS analyses on specimens oriented along major 

crystallographic zone axes, it is necessary to consider electron-channeling effects, which can 

affect electron-induced x-ray emission (Taftø & Spence, 1982) and the intensity of the incident 

electron wave (Taftø & Krivanek, 1982). In addition, the synergy between STEM defect analysis 

techniques and 4D-STEM strain mapping techniques (Yu, et al., 2024; Zeltmann, et al., 2019) 

can be beneficial for studying the strain field of the defects. By combining these approaches, 

valuable information related to the defects can be obtained, providing a more comprehensive 

understanding of the crystalline material's behavior under various conditions.

5 Conclusions

Employing STEM for defect analysis offers numerous advantages, with the added benefit 

of suppressing dynamical diffraction contributions to background contrast in the image. 

Moreover, STEM mode imaging can be executed along zone axes. However, it is essential to 
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acknowledge potential limitations, such as the possibility of "dirty" STEM-BF or ADF images 

resulting from using two-beam conditions without an aperture or overlapping CBED discs. 

Additionally, on-zone STEM imaging may be limited when the defect diameter is less than 10 

nm. This study introduces STEM-WBDF methods, which aim to address these challenges and 

extend the advantages of STEM for defect analysis. These methods enable the isolation of defect 

information to identify the dislocation loop type, showcasing narrow dislocation lines for small 

loop analysis, and providing inside-out contrasts to identify the dislocation loop nature. 

Furthermore, as analytical electron microscopes combine TEM and STEM with EDXS and/or 

EELS, elemental analysis and/or thickness mapping can be performed within the same STEM 

imaging area. Moreover, combining STEM defect analysis methods with 4D-STEM techniques 

allows for obtaining strain mapping information of defects. This holistic approach enhances the 

depth and precision of defect analysis in materials science.
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