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Abstract
In this study, we demonstrate the methodology systematically developed for dislocation loop 
(perfect and faulted loops) imaging and analysis in irradiated face-centered-cubic (FCC) alloys 
using scanning transmission electron microscopy (STEM). On-zone [001] STEM imaging was 
identified as the preferred choice based on the comparison to (i) on-zone STEM imaging using 
other major low-index zone axes, (ii) two-beam bright field imaging condition near the [001] zone 
axis using conventional TEM (CTEM), and (iii) Rel-Rod CTEM dark-field (DF) imaging near the 
[011] zone axis. The effect of STEM collection angle on the contrast formation of dislocation loops 
was also investigated. The developed method was confirmed by imaging all populations of perfect 
and faulted loops of types a/2〈110〉{110} and a/3〈111〉{111} found in an ion irradiated 
Ni40Fe40Cr20 alloy. The proposed STEM-based technique can easily identify said loops with a size 
greater than 10 nm without any assumptions such as those commonly made using the conventional 
Rel-Rod CTEM-DF technique. The recommended methodology in this study is developed as a 
quick and convenient tool that can be generally applied to irradiated FCC-based materials due to 
their common crystallography.
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1 1. Introduction

2        Face-centered-cubic (FCC) based materials are attracting attention for potential use in 

3 advanced reactor applications due to their acceptable radiation resistance, corrosion resistance, 

4 ductility, and high temperature creep strength. Among all the observed radiation-induced 

5 microstructural changes, dislocation loops are of specific importance as they are known to 

6 contribute to the degradation of mechanical properties of FCC alloys [1–3]. The change in 

7 mechanical properties is primarily evaluated via hardening and embrittlement, where radiation-

8 induced dislocation loops acting as obstacles for dislocation motion contribute to this response [4–

9 6]. Perfect dislocation loops of type a/2〈110〉{110} and faulted dislocation loops of type a/3

10 〈111〉{111}, where a represents the lattice parameter of the FCC crystal, are well known to 

11 form either under neutron, ion, or electron irradiation, or by quenching, in various FCC-based 

12 materials including silver [7,8], aluminum [9–13], gold [9], copper [7,8,14,15], austenitic steel 

13 [16–22], Ni or Ni-based superalloys [23–37], and Ni-containing multi-component solid solution 

14 alloys [38–44]. In general, perfect loops are considered mobile due to its Burgers vector being in-

15 plane with the 〈110〉 close packed direction, while faulted loops are considered sessile [45,46]. 

16 Therefore, faulted loops are believed to contribute more to radiation hardening as compared to 

17 perfect loops [5,43]. This difference in the contribution to radiation hardening leads to studies on 

18 how to tailor an FCC material’s response to irradiation, including the formation and evolution of 

19 these two types of dislocation loops using alloy design. 

20        However, there has not yet been a convenient and standardized way to characterize and 

21 differentiate both a/2〈110〉{110} perfect and a/3〈111〉{111} faulted dislocation loops in irradiated 

22 FCC-based materials that has been widely used by the nuclear materials community. For example, 

23 conventional Rel-Rod TEM dark-field (CTEM-DF) imaging at g(311) near the [011] zone has 
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24 been extensively used to image faulted dislocation loops [47,48] because of the white-on-black 

25 contrast formation exhibited when faulted loops are slightly inclined from the edge-on position. 

26 This method, however, is not suited to image perfect loops which do not consist of faulted planes. 

27 In addition, only two out of four variants of edge-on faulted loops can be captured in the DF images 

28 from using a TEM foil near [011] zone. When it comes to the loop density counting, it is common 

29 to use the assumption that the fraction of all four variants, [111] [111] [111] [111], of faulted loops 

30 are equal resulting in a simple multiplication factor to obtain the total density (e.g. both visible 

31 edge-on and non-visible, non-edge-on) of faulted loops. However, deviation from this assumption, 

32 e.g. observation of loop Burgers vector anisotropy, has been experientially observed in electron, 

33 neutron, and ion irradiated austenitic stainless steels with either internally generated stress field or 

34 when an external stress is applied [49]. Therefore, the simple assumption made in the Rel-Rod 

35 method may result in additional errors for the loop counting statistics for faulted loops while also 

36 generally negating the contributions of perfect loops to the microstructure. The result is the 

37 possibility of a skewed analysis used in subsequent alloy design, use, and performance 

38 considerations.

39        Another common method deployed for both FCC and body-centered cubic (BCC) alloys is 

40 the use of kinematic two-beam conditions bright field (BF) imaging in CTEM, where the g-vector 

41 is selected and excited by carefully tilting to bring varying loops of a given Burgers vector in and 

42 out of contrast via the g•b invisibility criterion [50]. The CTEM-based method can become tedious 

43 because sequential series of sample tilting involving at least three or more g-vectors are required 

44 to unambiguously determine the dislocation loop Burgers vectors and habit planes for both loop 

45 types. In addition, the deviation parameter, sg needs to be kept slightly positive for all g vectors in 

46 order to keep the kinematic two-beam imaging condition [50]. The result is a complex experiment 
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47 ripe for errors even when completed carefully and in detail. In addition, the resulting two-beam 

48 condition images still contain significant background contrast including thickness fringes and bend 

49 contours that can skew the interpretation and analysis of the loop type and size. 

50        Yao et al. [51]Error! Reference source not found. looked to alleviate some of the inherent 

51 errors using CTEM by publishing a systematic work on projected dislocation loop morphologies 

52 using CTEM in irradiated BCC ferritic-based alloys. Within their work, the projected dislocation 

53 loop morphologies taken at a given kinematic two-beam condition can be used to infer the Burgers 

54 vector and habit plane. The work of Yao et al. was extended by Parish et al. [52] and Nathaniel et 

55 al. [53] where the projected dislocation loop morphologies are used in conjunction with scanning 

56 transmission electron microscopy (STEM) to provide rapid imaging and identification of loops 

57 with different Burgers vectors in BCC ferritic-based alloys. The culmination of these studies has 

58 led to wide-spread adoption of the STEM-BF method for dislocation loop imaging because of (i) 

59 the suppression of bend contour induced contrast and improved signal-to-noise ratio compared to 

60 CTEM-BF [54], (ii) the ability to exhibit all dislocation and dislocation loop structures in the thin 

61 foil without necessity to make simplifying assumptions Error! Reference source not found., (iii) 

62 the handiness and reliability of identifying loop type from the loop morphology with the 

63 appropriate selection of zone axis [51], and (iv) the applicability of CTEM g•b and g•R criteria for 

64 dislocation and stacking fault analysis respectively in STEM [56]. To date, the above-mentioned 

65 advantages of STEM have been demonstrated almost exclusively for BCC ferritic-based alloys 

66 with no treatment for imaging faulted loops due to the expected high stacking fault energy [57] in 

67 ferritic alloys.

68        In the current study, the methodology of using on-zone STEM-BF for dislocation loop 

69 imaging is extended to irradiated FCC-based materials, with the goal of developing a standardized 
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70 way to characterize and identify populations of perfect and faulted dislocation loops in a single 

71 micrograph that are both known to form in FCC-based materials upon irradiation. A nickel-based 

72 single-phase concentrated solid solution alloy (SP-CSA) Ni40Fe40Cr20, which has an FCC crystal 

73 structure and a stacking fault energy in the realm where both perfect and faulted loops are 

74 anticipated under the chosen radiation condition, was used for this purpose. SP-CSAs are attracting 

75 more attentions in recent years due to their excellent void swelling resistance under irradiation 

76 [26,27,42,58–62], with only a handful of studies focused on dislocation loop evolution in this class 

77 of materials [26,39,43]. In the current study, various techniques in loop imaging using S/TEM 

78 have been systematically investigated including: the selection of the optimal zone axis, collection 

79 angle effects (BF vs. annular dark field - ADF), and the comparison between CTEM and STEM.

80 2. Experimental

81 2.1 Materials Synthesis, Ion Irradiation and S/TEM Sample Preparation

82        An FCC Ni-based SP-CSA, Ni40Fe40Cr20 alloy, was used as the model alloy for the dislocation 

83 loop imaging after 3 MeV Ni2+ self-ion irradiation [63] to a peak damage level of 7.2 dpa at 500°C 

84 with a dose rate of 1.7×10-2 dpa/s predicted by the Stopping and Range of Ions in Matter (SRIM) 

85 2013 code in “Detailed Calculation with Full Damage Cascades” mode [64–66]. The irradiation 

86 conditions centered the damage peak around 900 nm from the implantation surface. The 

87 Ni40Fe40Cr20 alloy was chosen for reasons of (i) its unirradiated microstructure that is free of defect 

88 sinks such as pre-existing dislocations or precipitates; and (ii) the co-existence of a/2〈110〉{110} 

89 perfect and a/3〈111〉{111} faulted dislocation loops in the irradiated microstructure with the 

90 selected irradiation condition, which is a result of the sluggish loop evolution in this ternary alloy 

91 with relatively lower stacking fault energy compared to the chemically less complex binary alloy, 

92 Ni-20Fe [43]. The unirradiated microstructure of the Ni40Fe40Cr20 alloy in this study is provided 
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93 in Figure S1 in the Supplementary Information for reference. In other words, the combination of 

94 the Ni40Fe40Cr20 ternary alloy and the radiation condition makes it ideal for the purpose of studying 

95 dislocation loop morphologies and loop type identification using S/TEM imaging. Detailed 

96 material synthesis and ion radiation parameters are provided elsewhere [43]. 

97        Following the ion irradiation, the electron backscatter diffraction (EBSD) microscopy 

98 technique coupled with a dual-beam Scanning Electron Microscope/Focused Ion Beam (SEM/FIB) 

99 was used to determine the crystal orientations of S/TEM thin foils ([001], [011] and [111] in this 

100 study) prepared using the “lift-out” technique by FIB. The “flash polishing” technique [67] 

101 involving 0.05s ~ 0.12s electro-polishing using the reagent of 96% ethanol and 4% perchloric acid 

102 was then conducted to remove any FIB-induced damage to improve the overall imaging quality in 

103 S/TEM.

104 2.2 S/TEM characterization

105        All S/TEM characterization work on imaging dislocation loops in the irradiated Ni40Fe40Cr20 

106 sample was conducted at MC2 using a Thermo Fisher Talos F200X G2 in STEM or TEM mode 

107 operating at 200 kV. Region of interests were selected to include most of the irradiated region 

108 within the lift-outs (100 ~ 1200 nm in depth range and 1100 nm in width) regardless of imaging 

109 conditions used.

110 2.2.1 On-Zone STEM-BF and STEM-ADF Imaging

111        The FEI Talos in STEM mode includes multiple STEM detectors (up to four) that allows for 

112 simultaneous collection of on-zone STEM Bright Field (STEM-BF), Annular Dark Field (STEM-

113 ADF), and High Angle Annular Dark Field (STEM-HAADF) images. These imaging modes were 

114 used to characterize dislocation loops at the three major low-index zone axes: [001], [011], and [1

115 11]. Only these three major commonly used low-index zone axes were selected, though in practice 
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116 the prescribed methodologies could be extended to other imaging orientations. A manufacturer 

117 indicated camera length (CL) of 98 mm coinciding with a collection angle of 0-8 mrad was the 

118 primary imaging configuration used within. STEM-BF images taken under these zone axes were 

119 compared with the simulated loop morphology maps, discussed in detail below, to investigate the 

120 optimal choice of zone axis for the purpose of identifying dislocation loop types. Here, family 

121 denotes if a loop is perfect or faulted, type denotes the specific Burgers vector and habit plane of 

122 dislocation loops, while nature denotes if they are comprised of vacancies or interstitials. The 

123 nature of the dislocation loops was not within the scope of this study.

124        Collection angle effects while imaging down the [001] zone axis were also investigated by 

125 simply changing the manufacturer indicated CL from 98 mm to 330 mm in STEM-BF and STEM-

126 ADF imaging modes, coinciding with a collection angle of 0-8 and 0-3 mrad in STEM-BF mode 

127 and 22-52 and 7-16 mrad in STEM-ADF mode, respectively. STEM-BF and STEM-ADF images 

128 at CL of 98 mm were acquired as duplets, allowing for the exact region of interest to be compared 

129 between the different image generation configurations. 

130        All STEM images were collected with 4096 × 4096 pixels with generic post-processing 

131 conducted to optimize the brightness and contrast of the images. Image dwell times were optimized 

132 to increase signal-to-noise ratios while minimizing drift within the captured images.

133 2.2.2 CTEM Imaging Techniques

134        In order to compare CTEM imaging to STEM-BF imaging, two common CTEM techniques 

135 to image dislocation loops were employed: (i) the kinematical two-beam conditions (deviation 

136 parameter sg > 0) in Bright Field (CTEM-BF) using g vectors of (020), (220), (200) and (220) near 

137 [001] zone axis, and (ii) the Rel-Rod method in Dark Field (CTEM-DF) using g vectors of (311) 

138 and (311) near [011] zone axis to image two edge-on variants (out of total four variants) of faulted 
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139 loops. The CTEM imaging results are compared with the STEM-BF images taken at the same area 

140 of the thin foil. 

141 3. Results and Discussions

142 3.1 On-Zone STEM-BF Imaging

143        Figure 1 is an illustration of a dislocation loop lying on its habit plane within the S/TEM, and 

144 how Bragg diffraction contrast or the strain field near a dislocation loop core is projected onto the 

145 projection viewing plane (i.e. onto the CCD capture device), where the electron traveling direction 

146 is normal to the projection viewing plane. Note, Figure 1 is an adaption from Yao et al [51]. The 

147 projection angle, θ, which denotes the angle between the habit plane and the projection plane can 

148 range from 0° to 90°. If the dislocation loop core is circular in nature, the major to minor axis 

149 length ratio (aspect ratio) for the projected ellipse is 1:cos(θ). If θ is 0°, the habit plane and the 

150 projection plane are the same and the aspect ratio is 1:1, allowing for direct visualization of the 

151 dislocation loop shape (e.g. circular or faceted). This specific imaging contrast is typically referred 

152 to as plane-view loops. If θ is 90°, the habit plane and the projection plane are normal, and thus 

153 only the side or edge of the dislocation loops will be visible generating loop contrast denoted as 

154 edge-on. Note the Burgers vector of the dislocation loop in Figure 1 is assumed to be normal to 

155 the habit plane.

156
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Figure 1. The schematic of an assumed circular-shape dislocation loop lying on an inclined habit 
plane being imaged in TEM with electrons traveling down the optic axis, and the resultant image 

formed on the projection viewing plane. The aspect ratio of the elliptical loop in the S/TEM image is a 
function of the projection angle, θ. Adapted from Ref. [51].

157

158        Based on the schematic in Figure 1, the dislocation loop aspect ratio, and thus projected 

159 morphology, can be determined if the habit plane and projection angle are known. As discussed, 

160 in FCC materials it is commonly accepted that perfect loops form with a Burgers vector and habit 

161 plane of a/2〈110〉{110} and faulted loops form with a Burgers vector and habit plane of 

162 a/3〈111〉{111}. Tables 1-3 summarizes the crystallographic information of habit planes and 

163 Burgers vectors of all loop variants assuming an FCC crystal structure such as that present for the 

164 Ni40Fe40Cr20 alloy when imaged using on-zone STEM-BF on the [001], [011] and the [111] zone 

165 axis respectively. The projection angle and the resultant aspect ratio of the ellipses are calculated 

166 and shown, together with the line direction of the intersection between the dislocation loop habit 

167 plane and the foil plane. Multiple low-index g vectors near each zone axis and the g•b values for 

168 the invisibility criterion are provided as well.
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169 Table 1. Crystallographic information between dislocation loop habit planes and (001) viewing plane 
170 imaged under [001] zone axis.

Habit Plane* (111) (111) (111) (111) (110) (110) (011) (011) (101) (101)
Family faulted faulted faulted faulted perfect perfect perfect perfect perfect perfect

Burgers vector, 
𝒃*

a/3[111] a/3[111] a/3[111] a/3[111] a/2[110] a/2[110] a/2[011] a/2[011] a/2[101] a/2[101]

Projection 
angle, θ 54.74° 54.74° 54.74° 54.74° 90° 90° 45° 45° 45° 45°

Aspect ratio, 
cos θ 1:0.577 1:0.577 1:0.577 1:0.577 edge-on edge-on 1:0.707 1:0.707 1:0.707 1:0.707

Direction of 
intersection line 

between loop 
plane and foil 

plane

[110] [110] [110] [110] [110] [110] [100] [100] [010] [010]

𝒈020•𝒃 nonzero nonzero nonzero nonzero nonzero nonzero nonzero nonzero 0 0
𝒈220•𝒃 0 nonzero nonzero 0 0 nonzero nonzero nonzero nonzero nonzero
𝒈200•𝒃 nonzero nonzero nonzero nonzero nonzero nonzero 0 0 nonzero nonzero
𝒈220•𝒃 nonzero 0 0 nonzero nonzero 0 nonzero nonzero nonzero nonzero

171 *Burgers vector b variant for dislocation loops is chosen so that its angle with electron beam direction (in this case, [001]), or the projection angle 
172 θ, is always non-blunt (between 0° and 90°). For example, a/3[111] with angle of 54.74° is chosen over a/3[111] with angle of 125.26° at [001] 
173 zone axis. 

174 Table 2. Crystallographic information between dislocation loop habit planes and (011) viewing plane 
175 imaged under [011] zone axis.

Habit Plane (111) (111) (111) (111) (110) (110) (011) (011) (101) (101)
Family faulted faulted faulted faulted perfect perfect perfect perfect perfect perfect

Burgers vector, 
𝒃 a/3[111] a/3[111] a/3[111] a/3[111] a/2[110] a/2[110] a/2[011] a/2[011] a/2[101] a/2[101]

Projection 
angle, θ 35.26° 35.26° 90° 90° 60° 60° 0° 90° 60° 60°

Aspect ratio, 
cos θ 1:0.816 1:0.816 edge-on edge-on 1:0.5 1:0.5 1:1 edge-on 1:0.5 1:0.5

Direction of 
intersection line 

between loop 
plane and foil 

plane

[011] [011] [211] [211] [111] [111] N/A [100] [111] [111]

𝒈111•𝒃 nonzero nonzero nonzero nonzero 0 nonzero 0 nonzero nonzero 0
𝒈200•𝒃 nonzero nonzero nonzero nonzero nonzero nonzero 0 0 nonzero nonzero
𝒈022•𝒃 0 0 nonzero nonzero nonzero nonzero 0 nonzero nonzero nonzero
𝒈111•𝒃 nonzero nonzero nonzero nonzero nonzero 0 0 nonzero 0 nonzero

176

177 Table 3. Crystallographic information between dislocation loop habit planes and (111) viewing plane 
178 imaged under [111] zone axis.

Habit Plane (111) (111) (111) (111) (110) (110) (011) (011) (101) (101)
Family faulted faulted faulted faulted perfect perfect perfect perfect perfect perfect

Burgers vector, 
𝒃 a/3[111] a/3[11

1]
a/3[1
11]

a/3[111] a/2[110] a/2[110] a/2[011] a/2[011] a/2[101] a/2[101]

Projection 
angle, θ 70.53° 70.53° 70.53° 0° 90° 35.26° 35.26° 90° 90° 35.26°

Aspect ratio, 
cos θ 1:0.333 1:0.333 1:0.333 1:1 edge-on 1:0.817 1:0.817 edge-on edge-on 1:0.817

Direction of 
intersection line 

between loop 
plane and foil 

plane

[011] [101] [110] N/A [112] [110] [011] [211] [121] [101]

𝒈220•𝒃 nonzero nonzero 0 0 nonzero 0 nonzero nonzero nonzero nonzero
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𝒈202•𝒃 nonzero 0 nonzero 0 nonzero nonzero nonzero nonzero nonzero 0
𝒈022•𝒃 0 nonzero nonzero 0 nonzero nonzero 0 nonzero nonzero nonzero

179        Inclined faulted loops and stacking faults are known to exhibit repetitious white-black contrast 

180 within the perimeter of the loop when imaged using CTEM two-beam conditions. In those cases, 

181 only one g vector is activated (be on the Ewald sphere in the reciprocal space) besides the 

182 transmitted beam, and therefore, only one phase factor change, eiθ resulting in electron beam 

183 interference between the beam diffracted by the perfect crystal planes and the faulted crystal planes. 

184 This interference phenomenon leads to the typical black-white repeating fringe contrast for faulted 

185 loops when imaged using two-beam conditions. However, in the case in our study, because faults 

186 are imaged at an on-zone (low index) condition, all gs in the imaging plane are activated, with at 

187 least a two-fold degree of symmetry. That means whenever there is an activated g that causes a 

188 phase factor of eiθ, there is a corresponding activated -g that causes a phase factor of e-iθ. For a 

189 faulted dislocation loop that is imaged using on-zone STEM, the imaging contrast is a result of the 

190 superimposition from multiple sets of dipoles of black-white and white-black contrast. A full dark 

191 shadow, or shadow contrast, ends up exhibiting the overall contrast of the faulted dislocation loop 

192 when imaged using on-zone STEM-BF. A comprehensive study that systematically demonstrates 

193 this with experimental and simulation work is in Ref. [68]. 

194        Stacking faults in FCC materials on an inclined plane (either a/3{111} or a/6{112}) when 

195 imaged using two-beam conditions is generally visible on an electron micrograph as a repeating 

196 pattern of parallel fringes running parallel to the intersection between the fault plane and the plane 

197 of the foil. The number of repetitions in the fringe pattern is dependent on the imaging conditions 

198 used [69,70] and stacking fault size. In the case of radiation-induced dislocation loops, the inserted 

199 fault plane is exclusively a/3{111} [67,71–73] and therefore, the intersection direction and thus 

200 theoretical fringes direction can be calculated, as provided in Tables 1-3. It is interesting to note 
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201 that this direction is always along the 〈110〉 family of directions, for any inclined variants of faulted 

202 loops under any of the three selected low-index zone axes. Theoretical and experimental details 

203 on the formation of stacking fault contrast can be found elsewhere with great thoroughness [69,74].

204        Using the information presented in Tables 1-3, dislocation loop morphology maps at on-zone 

205 conditions were constructed and are shown in Figures 2-4 with the corresponding diffraction 

206 patterns for zone axes of [001], [011] and [111], respectively. For the elliptical projection of the 

207 inclined dislocation loops in the thin foil, their major axis direction is aligned with the intersection 

208 line direction, as illustrated in Figure 1. In some cases, two different loop variants can give the 

209 same morphology on the projection plane. For example, the a/3(111) and a/3(111) faulted loops 

210 in Figure 2 both exhibit elliptical shapes with the identical aspect ratio and the direction of the 

211 major axis. Therefore, it is advantageous to use the on-zone STEM method to rapidly determine 

212 the total loop density for each family of loop (i.e. perfect or faulted) by using a single on-zone 

213 tilting condition, while one is still advised to use the tedious but necessary multiple tilting series 

214 to determine the type of each dislocation loop, if needed. 

215        Inclined faulted loop shadow contrast arises in the on-zone STEM imaging due to the g•R 

216 invisibility criterion [56,75], as there always exists some if not all excited g vectors such that g•R 

217 invisibility condition is not satisfied and the shadow contrast is visible. Thus, in most cases, loops 

218 showing shadow contrast are identified as faulted loops, and loops without interior shadow contrast 

219 are identified as perfect loops due to the lack of inserted faults. However, this rapid method for 

220 determining if a loop is faulted based on the observed shadow contrast fails when a faulted loop is 

221 in plane and normal to electron traveling direction, i.e., when the in plane a/3[111]( 111) faulted 

222 loop is imaged at the on-zone [111] condition. In this case, all g vectors in the (111) plane get 

223 excited, just like imaging conducted at other zone axes such as [001] and [011], but all the excited 
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224 g vectors satisfy the invisibility condition of g•R=0 because R is normal to the faulted loop plane 

225 and thus to all excited g vectors. Therefore, the in-plane faulted loop morphology at the on-zone [1

226 11] condition was predicted to not exhibit the characteristic interior shadow contrast and is 

227 depicted as such in Figure 4.

Figure 2. Simulated diffraction pattern and dislocation loop morphology map of FCC based alloys 
under [001] zone axis without considering g•b invisibility criterion. Red loops with inside shadow 
contrast denote inclined faulted loops, blue elliptical loops without inside shadow contrast denote 

inclined perfect loops, dotted blue loops perimeters denote edge-on perfect loops. Pre-factors 
associated with the lattice parameter are omitted for visual clarity.

228

Figure 3. Simulated diffraction pattern and dislocation loop morphology map of FCC based alloys 
under [011] zone axis without considering g•b invisibility criterion. Red loops with inside shadow 
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contrast denote inclined faulted loops, blue loops without inside shadow contrast denote perfect loops, 
dotted loop perimeters of either color denote edge-on loops. Pre-factors associated with the lattice 

parameter are omitted for visual clarity.
229

Figure 4. Simulated diffraction pattern and dislocation loop morphology map of FCC based alloys 
under [111] zone axis without considering g•b invisibility criterion. Red loops with inside shadow 
contrast denote inclined faulted loops, a red loop without inside shadow contrast denote in-plane 

plane-view faulted loop, blue loops without inside shadow contrast denote perfect loops, and dotted 
blue loop perimeters denote edge-on perfect loops. Pre-factors associated with the lattice parameter 

are omitted for visual clarity.
230

231        In order to confirm the validity of the simulated loop morphology maps in Figures 2-4, cross-

232 sectional on-zone STEM-BF images were acquired for the irradiated Ni40Fe40Cr20 alloy under the 

233 three zone axes of [001], [011] and [111] as shown in Figures 5-7, respectively. In all three images, 

234 the irradiation direction is from the top of the page, with the damage peak near 900 nm from the 

235 free surface based on ion range calculations [43]. The resulting irradiation damage variation from 

236 top to bottom of the image, image force from the free surface, and the interjected interstitial effect 

237 [76–79] are the primary driving factors for the variances in loop density and type as a function of 

238 distance from the free surfaces. Here, it is noted that both perfect and faulted loop types with 

239 varying sizes are formed under irradiation and observed in Figures 5-7. 
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240        On-zone [011] and on-zone [111] STEM-BF images were taken at the same region of interest 

241 to demonstrate the disappearance of shadow contrast in faulted loops when transitioned from an 

242 inclined orientation in Figure 6 ([011] zone axis) to an in-plane orientation in Figure 7 ([111] zone 

243 axis) as indicated by red circles in Figures 6 & 7. Figures 6 & 7 confirm the prediction from the 

244 simulated morphology maps where the in-plane loop type in the [111] on-zone STEM image does 

245 not exhibit the shadow contrast while it does when imaged down the [011] zone axis.

246        The FIB lift outs prepared with EBSD for foils with [001] and [011] orientation make the 

247 tilting within STEM to be minimum, resulting in the improved image quality in Figures 5 & 6 with 

248 sharp dislocation loop core contrast and low noise level. The image quality in Figure 7 

249 corresponding to on-zone [111] STEM-BF, however, is reduced compared to Figure 5 and 6 due 

250 to the TEM foil being tilted from the nearly normal to the electron beam position on the [011] 

251 orientation to the highly inclined [111] orientation. The large tilting angle, β, of ~35° between the 

252 two orientations corresponds to ~46% increase of effective thickness of the foil down the electron 

253 penetrating direction, resulting in quite significant beam broadening and spatial resolution 

254 reduction, shown in Figure 7, due to multiple electron scatterings in the sample with thickness 

255 greater than one electron mean-free-path [80]. The “black spots” also appear in Figure 6, and in 

256 Figure 7 with higher frequency, while they are not observed in Figure 5 where the effective 

257 thickness is the smallest among the three images. These small features are believed not to be caused 

258 by FIB damage, because of the flash polishing that has been conducted to effectively remove the 

259 surface damaged layer. These “black spots” features might be just modal contrast indicative of the 

260 local structure of the alloy, which arises when the effective thickness is increased. It is expected 

261 though, that the image quality should be significantly improved by reducing the apparent thickness 

262 effects from excessive sample tilting by preparing samples that are orientated near the exact [111] 
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263 zone axis. An example of such is provided in Figure S2 in the Supplementary Information where 

264 another on-zone [111] STEM-BF image is taken at a different sample area with reduced thickness 

265 showing improved image quality. Regardless, the variance in image quality between Figures 6 & 

266 7 highlights a distinct advantage of STEM where thickness variations are less of an impact on the 

267 signal-to-noise collection compared to CTEM [50].

Figure 5. Cross-sectional on-zone [001] STEM-BF image of irradiated Ni40Fe40Cr20 with correctly 
oriented simulated morphology map and experimental diffraction pattern. For labelling of 

crystallographic directions, please refer to Figure 2.
268
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Figure 6. Cross-sectional on-zone [011] STEM-BF image of irradiated Ni40Fe40Cr20 with correctly 
oriented simulated morphology map and experimental diffraction pattern. For labelling of 

crystallographic directions, please refer to Figure 3. Note, that two inclined faulted loops showing 
shadow contrast are highlighted using red circles, while the contrast disappears in Figure 7 when 

these two loops are in-plane.
269

Figure 7. Cross-sectional on-zone [111] STEM-BF image of irradiated Ni40Fe40Cr20 with correctly 
oriented simulated morphology map and experimental diffraction pattern. For labelling of 

crystallographic directions, please refer to Figure 4. Note, that in-plane faulted loops without shadow 
contrast are highlighted using red circles, while the contrast appears in Figure 6 when these two loops 

are inclined.
270
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271        It appears that faulted loop morphology in the simulated maps and STEM micrographs are 

272 very consistent, in terms of the aspect ratio and the major axis direction in the projected elliptical 

273 loops. For example, in Figure 5, the major axes of faulted loops projection under zone axis of [001] 

274 are along the [220] and [220] directions, which are normal to each other. Perfect experimental 

275 loops morphology in the STEM image, however, are not always exactly directly replicated via the 

276 simulated morphology maps. Some dislocation loops do not appear rounded, but rather, faceted in 

277 either hexagonal or rhombus shape, depending on the loop type and size [81] [46]. Some perfect 

278 loops open up to form entangled dislocation networks upon growth and interaction with other line 

279 dislocation or dislocation loops during irradiation [43] [82]. Both factors could contribute to non-

280 elliptical projections from non-circular loop shape, which was initially assumed when the loop 

281 morphology map was constructed. Nevertheless, the STEM-BF technique still enables imaging of 

282 these complex morphologies. The edge-on perfect loops generally match the simulated and 

283 expected morphologies, indicating their habit plane is consistent with the simulated loop map. For 

284 example, in Figure 5, edge-on perfect loops lying on (110) and (110) habit planes are observed to 

285 match the simulated loop morphology map. This observation indicates that faulted loops tend to 

286 preserve the circular shape on their {111} habit plane during irradiation, resulting in their elliptical 

287 projection more rigidly satisfying the loop morphology maps in Figures 2-4. Perfect loops, on the 

288 other hand, present a higher degree of freedoms for their morphology, and some discrepancies are 

289 observed between the STEM images and the loop morphology maps.

290        In principle, all three low index zone axes allow one to image all dislocation loops in the on-

291 zone STEM-BF mode with the aid of the corresponding rotation corrected diffraction pattern 

292 according to the morphology maps presented in Figures 2-4. However, due to the complications 

293 under certain imaging conditions discussed before, a preferred zone axis used for STEM-BF 
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294 imaging can be suggested. The criteria of choosing the optimal zone axis to image dislocation 

295 loops should be aligned with: (i) relative ease to observe loop morphology, and (ii) straightforward 

296 differentiation of loop family (perfect vs. faulted) based on observed loop interior contrast and 

297 morphology. Based on those, it is highly desired that the choice of the zone axis would allow all 

298 faulted loops to be inclined to provide direct imaging of the shadow contrast, rather than some 

299 variants being either edge-on or in plane-view. 

300        The loop morphology map of the [001] zone axis in Figure 2 shows that all four variants of 

301 faulted loops are non-edge-on with an aspect ratio of the projected ellipses of 1:0.577. They 

302 elongate along the [220] and [220] according to the diffraction pattern. The STEM-BF image in 

303 Figure 5 exhibits the matching of the faulted loop morphology, which makes it straightforward to 

304 identify and count with accuracy. The [011] zone axis is inferior compared to the [001] zone axis 

305 as shown in Figure 3, even though there are no plane-view faulted loops. There are two variants 

306 of edge-on faulted loops, [111] and [111], which are 70.52° apart, together with one variant of 

307 edge-on perfect loops [011] having 35.26° with both edge-on loop variants. The identification of 

308 the loop types from the [011] STEM-BF image is still achievable with the aid of the rotation 

309 corrected diffraction pattern, but not as convenient or unambiguous in the case of [001] zone. 

310 Lastly the [111] zone appears to be the least ideal choice. Shown in Figure 4 is the simulated loop 

311 morphology map of [111]. It is shown that the aspect ratio of the faulted loops is 1:0.33, which is 

312 quite close to edge-on loops in the image that could cause additional confusion and errors. Most 

313 importantly, one variant of plane-view faulted loops exists under this imaging condition, where 

314 they do not exhibit shadow contrast, and therefore causes additional confusion for its 

315 differentiation with inclined perfect loops. The result of the above analysis is the finding that 
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316 STEM-BF imaging down the [001] zone axis is suggested as the preferred orientation over any 

317 other low-index major zone axes.

318        It is noted that the proposed on-zone STEM-BF imaging technique for dislocation loop 

319 imaging heavily utilizes the observed loop morphology as well as the visibility of the shadow 

320 contrast from inclined faulted loops, both of which require loop size to be beyond a certain 

321 threshold so that one can determine these morphological features without ambiguity from the 

322 STEM micrographs. Here, the threshold was found near 10 nm. Although loops below this 

323 threshold cannot be unambiguously identified using the recommended techniques, these small 

324 dislocation loops are not typically considered as strong obstacles to dislocation motion [83], 

325 especially when their density is lower than the dislocation loops with greater size. The dislocation 

326 loop induced hardening and embrittlement under irradiation is a result of a balanced combination 

327 of density, size and barrier strength according to the dispersed barrier hardening model [84]. The 

328 weak barrier characteristics of these small dislocation loops [83] mean they contribute significantly 

329 less to radiation hardening compared to larger dislocation loops in irradiated FCC alloys. Therefore, 

330 the proposed methodology can provide insights on microstructure-property relationships whenever 

331 a significant population of dislocation loops above the given threshold are present within a given 

332 material. Under the circumstances where it is expected that small dislocation loops are of great 

333 significance to a study, it is recommended to use the two-beam conditions and Tables 1-3 for 

334 identifying loop types by examining the visibility of dislocation loops. It should be noted that the 

335 two-beam conditions can still be performed using the STEM-BF techniques which will reduce 

336 erroneous background contribution compared to CTEM techniques [56,68].

337        Based on the criteria above and discussion regarding Figures 2-4 and Figures 5-7, the choice 

338 of [001] zone STEM-BF imaging is suggested as the preferred orientation among all three studied 
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339 zone axes, as it meets all desired criteria including the observation that all faulted loops can exhibit 

340 the shadow contrast in the STEM-BF image. Note that the recommendation must be taken at the 

341 discretion of the research, as different alloys, irradiation conditions, etc. could alter the 

342 morphology of the loops and thus our recommendations should not be taken blindly for vastly 

343 different conditional domains.

344 3.2 STEM (-BF and -ADF) Collection Angle Effects

345        Besides the specimen quality, which can include sample thickness discussed in Section 3.1 

346 and FIB damage removal via flash-polishing, etc., there are multiple factors and conditions using 

347 a STEM microscope that can affect imaging contrast and quality as well. Here, we focus on 

348 commonly manipulated imaging conditions with the first being the alteration of manufacturer 

349 indicated CL and selection of STEM detector. Note that, alteration of the CL will change the 

350 projected angles onto the STEM detectors and thus alters the collection angle of the system. Figure 

351 8 shows three on-zone [001] images: STEM-BF CL 98 mm, STEM-BF CL 330mm, and STEM-

352 ADF CL 98mm with the collection angle of 0-8 mrad, 0-3 mrad, and 22-52 mrad respectively. 

353 Imaging collection conditions of pixel dwell time of 12.73 μs and pixel counts of 2048 by 2048 

354 were kept identical between images in Figure 8. As can be seen, the image contrast and quality 

355 vary significantly when the collection angle is changed. 

356        Intuitively from STEM-BF images in Figures 8(a) and (b), with decreasing CL and higher 

357 collection angle, the signal-to-noise ratio is significantly improved, and the shadowed diffraction 

358 contrast in faulted loops increases, because more signal counts including transmitted electrons and 

359 low angle diffracted electrons get collected by the bright-field detector. The signal level of STEM-

360 ADF image in Figure 8(c) is significantly lower than the STEM-BF images as the ADF detector 

361 only captures portions of the diffracted beam. Meanwhile, more details are observed in the STEM-



22

362 ADF image, especially when there are features overlapping, indicating a better image resolution 

363 compared to the two STEM-BF images. 

364        All these observations are confirmed by conducting line profiles across the long axis of perfect 

365 loops using ImageJ [85,86], with a representative line profile shown in Figure 8(d), where the 

366 signal counts in relative units is plotted as a function of the position of the scan. The full-width-

367 half-max (FWHM) at the perfect loop core have been measured to be 10.95±1.98 nm, 13.39±3.96 

368 nm and 6.91±1.93 nm, with the signal-to-noise ratio measured at the interior region (“featureless”) 

369 of the loops to be 30, 16, and 3 (unitless, e.g. I/I0) for the three profiles obtained from Figure 8(a), 

370 (b) and (c), respectively. The quantitative results verify that STEM-ADF indeed has the highest 

371 diffraction contrast resolution, while STEM-BF with a CL of 98 mm provides the best image 

372 quality in terms of the signal-to-noise ratio. 

(a) (b)
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(c) (d)

Figure 8. Same area of the on-zone [001] at different conditions: (a) STEM-BF with CL of 98 mm, (b) 
STEM-BF with CL of 330 mm, and (c) STEM-ADF with CL of 98 mm. The collection angles are 0-8, 0-

3, and 22-52 mrad, respectively. (d) Plot profile generated from a line across the long axis of an 
identical perfect loop in (a-c). The FWHM of perfect dislocation loop core in (d) is measured and 

labelled in (a), (b) and (c) respectively.
373

374        Li et al. [87] and Anderson et al. [88] have evaluated the variances of quantification of 

375 microstructural features associated with hand labelling images, which can be 10-20% difference 

376 across researchers. Changes in loop size based on contrast resolution are minimum compared to 

377 other errors such as hand labelling and human interpretation of contrast. Therefore, although 

378 STEM-ADF provides better resolution, it will not significantly impact the overall error of the 

379 quantification technique used as human-based errors overwhelm the systematic experimental 

380 errors. For the purpose of dislocation loop imaging in the current study, STEM-BF with CL of 98 

381 mm is sufficient, with the aid of STEM-ADF image to double check potential overlapping features. 

382 STEM, again, has a distinct advantage compared to CTEM as simultaneous acquisition of BF and 

383 ADF signals is routine with most modern STEM instruments. It is noted that all these conditions 

384 are affected by various factors including sample thickness, specimen surface quality, STEM 

385 accelerating voltage, and so on. The optimal combination of the STEM settings, therefore, may 

386 change depending on a given researcher’s situations.
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387 3.3 CTEM-BF Two-Beam Conditions Imaging

388        Figure 9 presents the on-zone [001] STEM-BF and the CTEM-BF kinematical two-beam 

389 condition images near the [001] zone axis using various g vectors of (020), (220), (200), and (22

390 0) respectively, taken at the same sample area to correlate and compare. As can be seen, the 

391 traditional loop Burgers vector analysis using CTEM two-beam conditions based on the invisibility 

392 criterion is consistent with the on-zone STEM-BF imaging, where consistency across these two 

393 methods validates the feasibility of the proposed on-zone STEM method.

394        The advantage of the STEM method is demonstrated in Figure 9a, where all dislocation loops 

395 are imaged within one micrograph using a single tilting condition, which also has the benefits of 

396 sharp imaging contrast and improved signal-to-noise ratio compared to CTEM, shown in Figures 

397 9b-e.

398       

(a)

(b)
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(c)

 
(d)

 

(e)

   

Figure 9. Correlated (a) on-zone [001] STEM-BF, and multiple CTEM-BF kinematical two-beam 
condition images near [001] zone axis using multiple g vectors of (b) (020), (c) (220), (d) (200), 

and (e) (220). Note that the missing dislocation loop(s) in (b)~(e) due to the g•b invisibility 
criterion are provided in Table 1, and the complete labeling for all loop variants are shown in 

Figure 2.
399      

400      The amount of work involved during the full Burgers vector analysis using multiple-g-vector 

401 two-beam condition imaging and invisibility criterion is extremely intensive. On the contrary, the 

402 on-zone STEM-BF imaging technique is simplified significantly, with only a single on-zone tilting 

403 condition required to enable the exhibition of all dislocation loop types and variants. In addition, 

404 the shadow contrast is very pronounced in [001] on-zone STEM-BF with much improved signal-

405 to-noise ratio as compared to the CTEM two-beam condition images, making it easier to identify 

406 the faulted loops using the proposed STEM method. 
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407 3.4 CTEM-DF Rel-Rod Imaging

408        Figure 10 presents the correlated on-zone [011] STEM-BF and the Rel-Rod CTEM-DF where 

409 𝒈311 and 𝒈311 vectors near [011] zone are used for imaging two faulted loop variants of a/3(111) 

410 and a/3(111) that are nearly edge-on, respectively. As can be seen, the on-zone [011] STEM-BF 

411 image in Figure 10 (a) is consistent with the CTEM-DF Rel-Rod method in Figures 10 (b) and (c) 

412 for imaging two edge-on variants of faulted dislocation loops. 

413        However, neither the other two inclined variants of faulted loops, nor any perfect loops can 

414 be imaged using the Rel-Rod method, while it can be seen in Figure 10 (a) that a significant fraction 

415 of dislocation loops in the irradiated microstructure are of the perfect family. Additionally, faulted 

416 loop anisotropy is clearly observed: the quantities (i) of the sum of the two inclined variants of 

417 a/3(111) and a/3(111) faulted loops, (ii) of one nearly edge-on variant of a/3(111) faulted loops, 

418 and (iii) of the other nearly edge-on variant of a/3(111) faulted loops can be counted within the 

419 area of interest from Figures 10 (a), (b) and (c) as 14, 12 and 13, respectively. In this system and 

420 region of interest, the faulted loops tend to preferentially nucleate on the (111) and (111) planes 

421 over the (111) or (111) planes, and this observation might be attributed to the momentum carried 

422 by the incident ions that cause the cascade and displacement. This hypothesis needs more detailed 

423 studies to verify, and the loop anisotropy is not the scope of the current study. 
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(a)

(b)

(c)

Figure 10. Correlated (a) on-zone [011] STEM-BF, and Rel-Rod CTEM-DF using (b) 𝒈311 and (c) 
𝒈311 for imaging a/3(111) and a/3(111) faulted loops respectively. The slight tilting of the nearly 

edge-on faulted loops near the [011] zone axis allows for the illumination of the contrast because of the 
inserted stacking fault plane. Note that the white circles in the diffraction pattern in (b) and (c) denote 

the position of the inserted objective aperture to obtain the Rel-Rod DF images.
424
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425        In summary, although the Rel-Rod technique has the advantage of moderately convenient 

426 sample tilting and the capability of capturing high density of the edge-on faulted loops with good 

427 sensitivity, the serious shortcomings have been demonstrated here when one tries to understand 

428 the full picture of loop evolution involving the necessary imaging of perfect loops, non-edge-on 

429 faulted loops, and dislocation lines in FCC materials under irradiation. The on-zone STEM-BF 

430 method would allow the observation and identification of both families of loops with all variants 

431 using the correlated diffraction pattern, in addition to the advantage of the convenience from a 

432 single tilting condition required. Nevertheless, all the techniques demonstrated are effectively 

433 coupled and complementary, and thus together provide a toolbox for the nuclear materials 

434 microscopists. Due to the ease of use and interpretation of the developed on-zone STEM-BF 

435 method at [001] zone axis in this work, this technique is likely to be the first “tool” that should be 

436 used for imaging radiation induced dislocation loops in FCC materials. 

437 4. Conclusion

438        On-zone STEM-based imaging has emerged as an efficient and effective technique for 

439 imaging dislocation loops in BCC-based alloys. Here, the technique has been extended to FCC 

440 material systems with the optimal imaging conditions identified as on-zone [001] STEM-BF 

441 imaging coupled with simultaneous STEM-ADF imaging. Under this imaging condition, not only 

442 the signal-to-noise ratio is improved, but more importantly, all four faulted loop variants are 

443 inclined in the foil and can be identified by their shadow contrast generated in STEM-BF. STEM-

444 ADF can serve as an additional check during feature overlapping and thus improve the counting 

445 precision. On-zone [111] should be avoided without two-beam tilting conditions to confirm loop 

446 family or type, because of the lack of shadow contrast for the in-plane faulted loop in the STEM-

447 BF image. The loop morphology obtained using CTEM-BF is the same as STEM-BF, while the 
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448 dislocation loop core strain field of CTEM-BF image is greater and the shadow contrast of faulted 

449 loops are reduced, which hinders accurate identification of loop type and the measurement of loop 

450 size. On-zone STEM-BF has also been confirmed to be an accurate tool to identify faulted loops 

451 at [011] zone by comparing to the CTEM dark-field Rel-Rod imaging without the assumption of 

452 equal fraction of faulted loop variants. Therefore, on-zone [001] STEM-BF imaging is advised as 

453 the preferred methodology for dislocation loop imaging in irradiated FCC-based materials.
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