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ABSTRACT 21 

This work investigates mechanisms of irregular microstructure evolution and creep damage 22 

localization induced by the prior room-temperature plastic deformation applied to Ni-based single 23 

crystal superalloys, AM1 and CMSX-4 Plus, in between solution and aging treatments. 24 

Dislocation climb similar to that occurs during the high-temperature low-stress creep is the main 25 

mechanism of the microstructure evolution occurring around pre-deformation slip bands, and 26 

subsequently leading to the formation of the bands with coarsened γ/γ′ microstructure. Presence 27 

of “ready-to-shear” dislocations inside the coarsened γ′ phase is confirmed by a stereo-pair 28 

anaglyph of scanning transmission electron microscopy. This native dislocation structure before 29 

the high-temperature/low-stress creep test is the origin of creep damage localization observed for 30 

the pre-deformed specimens. The comparison of two alloys revealed that magnitude of plastic 31 
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activity (precipitation coarsening and dislocation development) inside the bands with the 32 

coarsened microstructure is notably larger for AM1 what consequently explains the creep 33 

properties degradation under all creep conditions. 34 

 35 

1. INTRODUCTION 36 

Ni-based single crystal (SX) superalloys are commonly used for turbine blades and vanes of 37 

aero-engine and power generation gas turbines owing to their excellent high-temperature 38 

durability and environmental resistance [1–3]. Microstructure of Ni-based superalloy generally 39 

consists of a combination of disordered solid solution strengthened face-centered cubic (FCC) γ-40 

matrix and ordered L12 intermetallic precipitation hardening γ′-precipitates that gives strong 41 

deformation resistance at high-temperatures. In order to achieve optimal γ/γ′ microstructure 42 

having cubic γ′-precipitates with an average edge length of nearly 0.4-0.5 µm and γ′ volume 43 

fraction of 60-70%, solution heat treatment (HT) and one or more aging HTs are applied to the Ni-44 

based SX superalloy components during manufacturing process. This enables the materials to have 45 

the best creep resistance at elevated temperatures [4–6].  46 

 47 

In reality, arranging microstructure of Ni-based SX superalloy components to perfectly 48 

homogeneous with optimal precipitate shape and size is not easy due to the complex turbine blade 49 

geometry. This often leads to local unintentional plastic deformation (PD) during production 50 

processes such as casting and heat treatments [7,8]. The effects of pre-straining have been studied 51 

mainly in two industrial relevant situations: Pre-straining of as-cast (before solution HT) material 52 

and after full HT. The first case intends to understand the effect of pre-strain on the 53 

recrystallization mechanisms during solution HT. In this scenario, PD can be introduced at 54 

temperatures ranging between room temperature (RT) up to supersolvus temperature by tensile, 55 

compression, indentation, and grit-blasting to mimic thermomechanical plastic strains introduced 56 

during solidification and demolding processes [9–15]. The second case, pre-straining after full HT, 57 
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usually simulates complex operating conditions of the components. The pre-strain by creep, for 58 

example, can generate damaged microstructure that can alter the materials performance of 59 

subsequent mechanical tests [16–20].  60 

 61 

Few studies focused on the effect of HT process subsequent to unintentional PD of Ni-based 62 

SX superalloy component that occurs during production, which can assist an unexpected 63 

microstructure evolution around a slip band [8,21–24]. Introduction of tensile PD at room-64 

temperature (RT) induces microstructure evolution similar to the γ′-rafting during HT in order to 65 

reduce internal elastic strain around the slip [21,22]. Such microstructure evolution around the 66 

former planar slip band leads to the formation of a band with coarsened microstructure, which is 67 

described as a “microstructure coarsened band” in our previous works[25,26]. 68 

 69 

When it comes to the industrial manufacturing of SX turbine blades, special attention needs to 70 

be paid for plastic straining during cooling from solution HT temperature [7,8]. This particular 71 

case was well simulated by introducing RT pre-deformation between solution and aging HTs of 72 

AM1 Ni-based SX superalloy [25,26]. As a consequence of pre-deformation and microstructure 73 

evolution that forms the microstructure coarsened band during following HTs, creep properties of 74 

the alloy decreased for all creep conditions as summarized in Table 1. The fracture planes of pre-75 

deformed specimens were associated with {111} type of crystallographic planes, which are the 76 

same type of planes on which the microstructure coarsened bands are located. Recrystallization 77 

was triggered inside the microstructure coarsened band during high temperature creep conditions 78 

(> 950 °C) that led to early creep rupture with lower rupture strain [25]. Inside the microstructure 79 

coarsened bands, faster creep damage accumulation was observed regardless of creep conditions 80 

(850 °C / 500 MPa, 950 °C / 300 MPa, and 1050 °C / 140 MPa) [26,27]. Pronounced γ′-raft 81 

coarsening, microstructure shearing, and dislocations entering γ′ phase are characteristics of 82 

locally accelerated creep in the microstructure coarsened bands. Because creep damage 83 
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accumulation is locally accelerated within the band and in its neighborhood, the magnitude of 84 

prior PD does not affect the subsequent creep life and it appears that the activation of a few slip 85 

bands during pre-deformation is enough to trigger the fatal creep life reduction.  86 

 87 

With more emphasis on high-temperature low-stress creep condition that triggered 88 

recrystallization at the microstructure coarsened band, early creep failure processes with reduced 89 

ductility elucidated in the previous studies were illustrated in Fig. 1 [9,10]. Coarsened and inclined 90 

γ′-raft favors dislocations penetrating into γ′ phase that accelerates creep damaging locally, leading 91 

to faster creep pores development at the bands [26]. Such creep pores (so-called deformation pores 92 

or D-pores [28,29]) already formed before the creep test. To be more specific, D-pores formed 93 

during the first stage of aging HT between 1100-1165 °C. Stress concentration and damage 94 

accumulation around the D-pores trigger recrystallization and initiate crack along the band, 95 

leading to a planar failure with very low rupture strain. These observations were performed using 96 

conventional scanning electron microscopy (SEM) combined with electron back scattered 97 

diffraction (EBSD). On the other hand, the mechanisms of pore formation and faster and inclined 98 

γ′-raft coarsening have not been confirmed with evidence. 99 

 100 

Table 1. Summary of creep experiments on pre-deformed AM1 Ni-based SX superalloy 101 

[26,27] 102 

AM1 850 °C / 500 MPa 950 °C / 300 MPa 1050 °C / 140 MPa 

 Rupture 

life (h) 

Strain at 

rupture (%) 

Rupture 

life (h) 

Strain at 

rupture (%) 

Rupture 

life (h) 

Strain at 

rupture (%) 

Reference 285.6 21.4 138.7 19.5 417.4 13.9 

Pre-deformed 161.4 7.14 102.8 7.7 127.6 2.9 

 103 
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 104 

Figure 1. Summary of creep failure processes of AM1 Ni-based SX superalloy with pre-105 

deformation from the previous studies [25,26]. 106 

 107 

CMSX-4 Plus alloy, having a higher temperature capability compared to AM1 alloy [27,30–108 

32], also showed decreased creep life at 1150 °C / 110 MPa after pre-deformation that seemed 109 

similar to AM1 at 1050 °C / 140 MPa [27]. However, pre-deformation did not show strong impact 110 

on the creep life and ductility at 1050 °C / 200 MPa [27]. The reasons behind such discrepancy 111 

between AM1 and CMSX-4 Plus also remained as an open question from our previous works. 112 

 113 

Within this context, this study aims to discuss the effect of prior PD between solution and aging 114 

HTs particularly on the defect and dislocation structures and the evolution mechanism during the 115 

formation of microstructure coarsened bands. By bridging the mechanisms between the formation 116 

of microstructure coarsened band and the development of coarse and inclined γ′-raft structure, the 117 

origins of creep damage localization observed during the creep tests of pre-deformed Ni-based SX 118 

superalloys are identified. Moreover, pre-deformation mechanisms and the dislocation structure 119 
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evolution between two tested materials, AM1 and CMSX-4 Plus Ni-based SX superalloys, are 120 

compared and discussed in order to understand differences of creep behaviors reported in the 121 

previous studies. The discovery in the present work potentially creates critical consequences for 122 

the aerospace industry as one might have to consider the impact of pre-deformation on Ni-based 123 

SX superalloys’ mechanical performance much more seriously. 124 

 125 

2. EXPERIMENTAL DETAILS 126 

 127 

2.1.Materials and pre-deformation 128 

Two Ni-based SX superalloys, 1st generation AM1 and 3rd generation CMSX-4 Plus, were 129 

selected for this study. Nominal compositions of experimental alloys are listed in Table 2. AM1 130 

SX bars having a 14 mm diameter were produced by Bridgman directionally solidifying precision 131 

casting and they were solution heat treated at 1300 °C for 3 h and cooled down at 5 K/s (300 132 

K/min) in Safran Aircraft Engines foundry. As-cast CMSX-4 Plus SX plate having a 10 mm 133 

thickness was produced by the same Bridgman casting and supplied by Safran Tech. Stepwise 134 

solution heat treatment (1313 °C / 2 h → 1318 °C / 2 h → 1324 °C / 6 h → 1335 °C / 6 h / air 135 

quench (AQ), heating rate between steps was at 1 K/min) for CMSX-4 Plus was performed in 136 

Institut Pprime using a conventional resistive furnace. Cooling rate for AQ down to 600 °C is 137 

above 5 K/s (300 K/min) at the sample surface. Micrographs of as-solutioned and standard heat-138 

treated materials are shown in Fig. 2. 139 

 140 

Table 2. Chemical composition of alloys in weight % (Ni bal.). 141 

Alloy Cr Co W Mo Ta Al Ti Hf Re 

AM1 [33,34]  7.6 6.7 5.6 2 8 5.2 1.2 0.05 - 

CMSX-4 Plus [30]  3.5 10 6 0.6 8 5.7 0.85 0.1 4.8 

 142 
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 143 

Figure 2. As-solutioned (a, b) and standard (c, d) microstructures of experimental materials 144 

AM1 (a, c) and CMSX-4 Plus (b, d). 145 

 146 

A tensile PD was performed at RT with a strain rate of 5 × 10-4 s-1 to target approximately 0.8% 147 

plastic strain introduced to specimens so that it mimics the plastic deformation during the 148 

processing of a turbine blade [8,26]. This process has been used to reproduce microstructures 149 

found in the nonconforming turbine blade components from Safran Aircraft Engines foundry 150 

[25,26]. Similar microstructural features were also reported in the components from Rolls-Royce 151 

as well [8]. SX materials were first machined into rods so that specimens will have 152 

crystallographic misorientation from <001> within a 10° tolerance. The rods were then machined 153 

into tensile testing specimens having a 14 mm gauge length and a 4 mm diameter (geometry 154 

1 μm 1 μm

(a) As-solutioned AM1 (1300 °C) (b) As-solutioned CMSX-4 Plus (1335 °C)

(c) Standard AM1 (solution 

+ 1100 °C / 5 h + 870 °C / 16 h)

(d) Standard CMSX-4 Plus (solution 

+ 1165 °C / 6 h + 870 °C / 20 h)

1 μm1 μm

γ
γ′



Accepted version: S. Utada, et al., Acta Mater., 121448, 2025. https://doi.org/10.1016/j.actamat.2025.121448 

8 

 

available in reference [35]). This plastic PD, introduced after the solution heat treatment for most 155 

of the specimens, was performed using an electromechanical Instron 8562 machine and a contact 156 

extensometer. It is noted that under available experimental conditions, it was not possible to 157 

control directly the plastic strain, and therefore finally achieved values of plastic strain were 158 

slightly below 0.8%. One fully heat-treated AM1 sample was also deformed similarly at RT. The 159 

cylindrical surface of a sample after PD was observed using an optical microscope before HTs. 160 

Depending on observation purposes, up to two stages of aging HTs were carried out to a pre-161 

strained specimen in a resistive furnace, as listed in Table 3. Additionally, prolonged aging 162 

treatment at 1050 °C for 500 h was applied (AM1-PD-A1A2A3) to observe the evolution of the 163 

microstructure coarsened bands without external load, allowing to identify the effect of pre-164 

deformation and developed dislocations. 165 

 166 

Table 3. Preparation history of specimens with a pre-deformation.  167 

Alloy Specimen 

designation 

Material history 

AM1 

(As-solutioned) 

AM1-PD PD at RT 

AM1-PD-A1 PD at RT → 1100 °C / 5 h / AQ 

AM1-PD-A1A2 PD at RT → 1100 °C / 5 h / AQ → 870 °C / 16 h / AQ 

AM1-HT-PD-A1 1100 °C / 5 h / AQ → 870 °C / 16 h / AQ → PD at RT → 

1100 °C / 5 h / AQ 

AM1-PD-A1A2A3 PD at RT → 1100 °C / 5 h / AQ → 870 °C / 16 h / AQ → 

1050 °C / 500 h / AQ 

CMSX-4 Plus 

(As-solutioned) 

4P-PD-A1 PD at RT → 1165 °C / 6 h / AQ 

4P-PD-A1A2 PD at RT → 1165 °C / 6 h / AQ → 870 °C / 20 h / AQ 

 168 
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2.2.Scanning electron microscopy 169 

Heat treated specimens were cut along the longitudinal direction close to (100) 170 

crystallographic plane and mounted into a conductive resin for precipitate-scale microstructure 171 

characterization. Mounted specimens were mechanically polished and finished using 1-µm 172 

diamond powder spray and then chemically etched using aqua regia for 8-10 s at around 4 °C to 173 

reveal their γ/γ′ microstructure. A JEOL JSM-7000F field emission gun scanning electron 174 

microscope (FEG-SEM) was operated to obtain micrographs for γ′ precipitate size analysis. 175 

Micrographs containing at least 100 distinguishable γ′ precipitates were used for image analysis 176 

by the rotational intercept method (RIM) using in-house RIM-X software (developed by Caccuri 177 

et al. [36,37]) to quantify the precipitate evolution morphologies. Precipitates in both outside and 178 

inside the microstructure coarsened band were analyzed separately for a comparison.  179 

 180 

In our previous study [27], creep tests were performed on pre-strained CMSX-4 Plus at 181 

1150 °C / 110 MPa and drastic creep life reduction (126 h → 25 h) was observed as described in 182 

the Introduction. The same creep ruptured specimen was cut along longitudinal direction on (110) 183 

plane and mechanically polished using 1-µm diamond powder spray followed by electrochemical 184 

polishing using Struers LoctroPol5 operated at 45 V for 6 s with a solution of 10 vol. % perchloric 185 

acid in methanol under 45 V at around 4 °C. A Zeiss Crossbeam 540 FEG-SEM with Gemini 2 186 

column was used to obtain an electron channeling contrast image (ECCI) on this creep ruptured 187 

CMSX-4 Plus specimen for observation of dislocations inside and outside of the microstructure 188 

coarsened band. The images were acquired at an accelerating voltage of 30 kV and probe current 189 

5 nA with a stage tilt of 7°. The same specimen was analyzed by EBSD using JEOL JSM-6100 190 

SEM with EDAX detector controlled by the TSL OIM software. 191 

 192 

2.3.Scanning transmission electron microscopy 193 

Thin disc-like plates for microstructural investigation were cut from the middle of the gage 194 
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section perpendicular to the loading axis of the specimens (plane normal to [001] direction) using 195 

a precision cutter with an abrasive disc. The discs having a 3 mm diameter were ground on a P4000 196 

SiC abrasive papers down to a thickness of 70-100 μm. Then, they were electropolished in a twin 197 

jet polishing system Struers TenuPol5. The electrolyte containing 5% perchloric acid (HClO4) and 198 

95% of glacial acetic acid (CH3COOH) (by volume) was used. The optimum polishing conditions 199 

were obtained at 70 V, 170-200 mA and temperature of 12 °C.  200 

 201 

Scanning transmission electron microscopy (STEM) was used for multi-scale high-resolution 202 

characterization of the microstructure at length scales down to nanometers. STEM foils tilted into 203 

specific low index crystallographic zones were investigated using an image-aberration corrected 204 

and monochromated Thermo Fisher Scientific (TFS) Titan-Themis 30-300 kV S/TEM. Defect 205 

contrast was obtained by low-angle annular dark-field (LAADF) STEM or by two-beam 206 

diffraction contrast imaging (DCI) using both bright field (BF) and high-angle annular dark-field 207 

(HAADF) STEM detectors [38]. By simply adjusting the microscope camera length, and thus the 208 

acceptance angle of the annular detector, it was possible to transit from HAADF Z-contrast 209 

imaging mode performed by exclusively collecting electrons which have been scattered to high 210 

angles to the small-angle scattered electrons sensitive to defect contrast [39]. Specific crystal 211 

orientations and excited diffraction vectors forming diffraction contrast in LAADF/BF-STEM 212 

DCI were determined from corresponding reciprocal space Kikuchi band patterns and by using 213 

the convergent beam electron diffraction (CBED). 214 

 215 

Tilting experiments were combined with the stereo STEM-DCI microscopy to evaluate the 216 

crystallography and the spatial distribution of defects [40,41]. Stereo method is based on providing 217 

separate images for both eyes of the observer. The two images of a stereogram are taken at two 218 

angular positions of the foil and the corresponding rotation angle is close to viewing angle of the 219 

observer. When exploiting DCI in stereo STEM, two micrographs need to be taken at the same 220 
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magnification and under the same two-beam diffraction contrast condition. Two stereo STEM-221 

DCI micrographs are color coded using the freeware Anaglyph Maker Version 1.08 to obtain a 3D 222 

anaglyph [41,42]. Using a special pair of red-cyan colored glasses yields the correct 3D impression. 223 

The data were collected and processed using the TFS Velox software. In particular, the STEM 224 

images were corrected for possible drift and scanning beam distortions using the drift corrected 225 

frame integration (DCFI) function of Velox.  226 

 227 

Chemical composition was analyzed from the data collected by Super-X energy dispersive X-228 

ray spectroscopy (EDS) detector in Titan-Themis STEM. The data were collected and processed 229 

using the TFS Velox software. In particular, the raw data in the original spectral maps were 230 

quantified using standard Cliff-Lorimer (K-factor) fit (default k-factors available in Velox were 231 

used as well as the Brown-Powell empirical ionization cross-section model), including absorption 232 

correction and background subtraction.  233 

 234 

3. RESULTS 235 

3.1.Pre-deformation of Ni-based SX superalloy specimens 236 

Stress-strain curves associated with the tensile pre-deformation of Ni-based SX superalloys 237 

(as-solutioned AM1 and CMSX-4 Plus, and fully heat treated AM1) are plotted in Fig. 3. In the 238 

as-solutioned state, AM1 has higher yield strength at RT compared to that of CMSX-4 Plus, which 239 

is consistent with the tensile properties of the same alloys after full heat-treatment reported in 240 

previous studies [43,44]. The 3rd gen. Ni-based SX superalloys generally have a lower APB energy 241 

than the 1st gen. superalloys, and therefore, γ′ precipitate shearing can occur at lower stress [43–242 

45]. The highest yield stress achieved by AM1 after aging treatments (AM1-HT-RTPD) is a result 243 

of optimized size and shape of γ′ precipitates during aging HTs [5,43,46,47]. γ/γ′ microstructure 244 

optimization is generally designed for creep properties; however, this also improves yield strength 245 

of <001> oriented Ni-based SX superalloys at RT [5,47]. 246 
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 247 

 248 

Figure 3. True stress-true strain curves obtained by a tensile PD at RT with a strain rate 5 × 10-249 
4 s-1 on AM1 (without and with HTs) and CMSX-4 Plus (without HT). 250 

 251 

The surface of the cylindrical specimens after pre-deformation was investigated using optical 252 

microscopy and the results are shown in Figs. 4(a-c). Density of observable shear bands has 253 

inverse correlation to the yield strength of a material, i.e., increasing yield strength with decreasing 254 

density of observable shear bands in the cylindrical surface. The density of shear bands affects 255 

microstructure after the first stage aging treatment as shown in Figs. 4(d-f). Diagonal lines 256 

observed in these low magnification images are the microstructure coarsened bands where γ/γ′ 257 

microstructure evolution has been promoted significantly due to an elastic strain around slip bands. 258 

Such contrast is revealed because of different precipitate sizes. Representative micrographs of the 259 

microstructure coarsened bands are shown in Fig. 5. The thickness of the bands has a range of 2-260 

20 μm for both AM1-PD-A1 and 4P-PD-A1 specimens, and it can be up to 250 μm for AM1-HT-261 

PD-A1 specimen.  262 

 263 
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 264 

Figure 4. (a-c) Appearances of the cylindrical specimens’ surface after pre-deformation as 265 

inspected by optical microscope. (d-f) Detail of the microstructure of the same 266 

specimens after aging treatment at 1100 °C for 5 h or 1165 °C for 6 h. 267 

 268 
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 270 

Figure 5. Micrographs of pre-deformed AM1 (a, b) and CMSX-4 Plus (c, d) after first (a, c) 271 

and second (b, d) aging HTs. Plastic strain for AM1 is 0.79% and that for CSMX-4 272 

Plus is 0.86%. 273 

 274 

3.2. γ′ precipitate size and morphologies after the heat treatments 275 

Representative microstructures of pre-strained (~0.8%) AM1 and CMSX-4 Plus after first and 276 

second aging HTs are shown at the length scales corresponding to several tens of precipitates in 277 

Figs. 6(a, b) and 7(a, b), respectively. Yellow dashed lines designate the border between typical 278 

cuboidal γ/γ′ microstructure and evolved microstructure which is a consequence of a pre-279 

deformation. Examples in Figs. 6(a, b) and 7(a, b) are the selected cases where the border is easily 280 

identified. However, in some regions where there are only one or two cuboidal γ′ precipitates 281 

between the bands, the borders can be unclear. Those examples of difficultly identifiable band are 282 

shown in Fig. 4(f) and Fig. 5(c). 283 
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 284 

 285 

Figure 6. SEM-SEI micrographs of representative microstructure (a, b), and the results of the 286 

RIM-X analysis (c, d) of pre-strained (0.79%) AM1 followed by aging HTs. (a) and 287 

(c) are after the first stage aging HT. (b) and (d) are after the first and second stage 288 

aging HTs. Rose diagrams represent γ′ precipitate sizes inside the microstructure 289 

coarsened band and overlayed blue curves show sizes of cubic γ′ precipitates outside 290 

the band.  291 
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 293 

Figure 7. SEM-BSE micrographs of representative microstructure (a, b) and the results of 294 

RIM-X analysis (c, d) of pre-strained (0.86 %) CMSX-4 Plus followed by aging HTs. 295 

(a) and (c) are after the first stage aging HT. (b) and (d) are after the first and second 296 

stage aging HTs. Rose diagrams represent γ′ precipitate sizes inside the 297 

microstructure coarsened band and overlayed blue curves show sizes of cubic γ′ 298 

precipitates outside the band.  299 

 300 

The size of γ′ precipitates in different directions was characterized for the microstructures 301 

shown in Figs. 6(a, b) and 7(a, b) by RIM-X software [36,37]. Precipitate sizes for those inside 302 

the microstructure coarsened band were carefully measured by selecting γ′ precipitates that are 303 

affected by the pre-deformation, and not relying on the dotted lines shown in Figs. 6 and 7. Results 304 

of RIM-X analyses on γ′ precipitates within the microstructure coarsened band are presented as a 305 
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rose diagram and that of cubic precipitates outside the band is overlayed as a blue curve. Each bar 306 

of a rose diagram shows average γ′ size of intercepting line drawn along the determined angle 307 

(every 5°). Both rose diagram and overlayed curve also represent shapes of γ′ precipitates. If the 308 

precipitate is cuboidal, rose diagram is near square shape 45° rotated with respect to 0° (see blue 309 

curves in Figs. 6(c, d) and 7(c, d)). This means cubic precipitates outside the band have a major 310 

edge length in [001] (0°/180°) and [010] (90°/270°) crystallographic directions. When a rose 311 

diagram has one preferential direction (0°/180° or 90°/270°), it means the precipitates in the 312 

analyzed area have a tendency of either N-type (transverse to the loading direction) or P-type 313 

(parallel to the loading direction) directional coarsening [48].  314 

 315 

The rose diagram of AM1-PD-A1A2 in Fig. 6(d) shows an oval with 45° rotation (135°/315° 316 

directions) which is the parallel direction to the microstructure coarsened band. This quantification 317 

suggests that γ′ precipitates in the microstructure coarsened band of AM1-PD-A1A2 have 318 

elongated in both vertical and horizontal ([001] and [010]) directions equally. In the case of AM1-319 

PD-A1 (Fig. 6(c)), the γ′ precipitates showed slight evolution in 45°/225° directions with stronger 320 

tendency of a P-type γ′-rafting (0°/180°). 321 

 322 

Previous study showed that γ′ precipitate evolution of AM1 mainly occurred during the first 323 

stage HT where precipitation growth is more active at higher temperature (1100 °C), associated 324 

with dislocation grooves exposed by etching and observed at the γ/γ′ interface (see Fig. 8) 325 

[25,49,50]. Secondary HT at 870 °C only changed the γ′ volume fraction (from 50% to 57-60% 326 

[32]) and had a minor effect on the precipitate sizes. This is also demonstrated in the same 327 

measurement using the RIM-X where the γ′ precipitate sizes are similar for both AM1-PD-A1 and 328 

AM1-PD-A1A2 regardless of positions, inside or outside the microstructure coarsened band.  329 

 330 
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 331 

Figure 8. Examples of γ/γ′interfacial dislocation grooves observed in pre-deformed materials 332 

after heat treatments. (a) AM1-PD-A1, (b) AM1-PD-A1A2, (c) 4P-PD-A1, (d) 4P-333 

PD-A1A2. 334 

 335 

The same RIM-X analysis was performed for pre-deformed CMSX-4 Plus after two different 336 

HT stages and the results are shown in Figs. 7(c, d). Because the first stage HT was at a higher 337 

temperature 1165 °C and for a longer duration 6 h, cubic γ′ precipitate size of CMSX-4 Plus (500-338 

600 nm) is much larger than that of AM1 (350-450 nm). Although the γ′ precipitates are heavily 339 

coarsened after the first stage HT (Fig. 7(c)), they tend to maintain rectangular shape in the 340 

observed plane (i.e. major edge length in [001] (0°/180°) and [010] (90°/270°) directions), and the 341 

small increase of the γ′ size during the secondary HT was just a consequence of increasing γ′ phase 342 

volume fraction (from 52% to 65-70% [32]). Aging of pre-deformed CMSX-4 Plus leads only to 343 

precipitate coarsening and coalescence of nearby precipitates, and γ′-rafting type coarsening is not 344 

pronounced when compared to that in AM1. 345 

 346 

3.3.STEM multi-scale characterization of the microstructure 347 

In order to understand the microstructure evolution mechanisms during the development of 348 

the microstructure coarsened band, STEM coupled with EDS was employed for characterization 349 

of the dislocation microstructures of two experimental alloys with different thermal histories as 350 

described in Table 3. Characteristic microstructures are presented using the technique of the 3D 351 

stereo-pair anaglyphs to help with the identification of the locations of dislocations as observed 352 
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by STEM-DCI.  353 

 354 

The microstructure of AM1 after pre-deformation is shown in Fig. 9. Stereo-pair BF-STEM 355 

DCI in Fig. 9(a) reveals paired dislocations shearing γ′ precipitates in typical 
𝑎

2
〈110〉{111} 356 

systems. The thin slip band in Fig. 9(b) shows a trail consisting of dislocations within the γ matrix, 357 

paired dislocations shearing γ′ precipitates, and isolated dislocations. Thick slip band having a 20-358 

30 μm width along [010] direction in Fig. 9(c) revealed interaction of paired dislocations in 359 

multiple slip systems and also planar faults.  360 

 361 
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 362 

Figure 9. Characteristic microstructure of AM1 after PD with 0.79% plastic strain (no aging 363 

heat treatment, AM1-PD). (a) BF-STEM DCI stereo-pair anaglyph showing paired 364 

dislocations in thin deformation bands shearing precipitates. (b, c) BF-STEM DCI 365 

obtained with electron beam direction parallel with [001] zone axis revealing thin (b) 366 

and thick (c) deformation bands containing paired dislocations and planar faults. 367 

(Color figure online)  368 

 369 

 370 
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BF-STEM DCI micrograph in Fig. 10(a) shows the microstructure coarsened band in the pre-371 

deformed AM1 after the first stage HT (AM1-PD-A1). After the first stage HT, complex 372 

dislocation arrangements are observed mainly at the γ/γ′ interfaces. Interfacial dislocations and 373 

60° type matrix dislocations are similar to those reported for very early primary creep stage of Ni-374 

based SX superalloys under high temperature/low stress creep conditions, generally between 375 

1000-1150 °C [51–53]. Two γ channels oriented parallel with [010] crystallographic direction in 376 

Fig. 10(a) (highlighted by white dashed rectangles) are the ones that the dislocations are spreading 377 

from the core of the band toward the direction of the long arrows. Some dislocations are already 378 

entering into the γ′ precipitates and connecting γ channels on the other side of a precipitate; 379 

examples are pointed by black arrows in Fig. 10. Short white arrows are pointing to the interfacial 380 

grooves occupied by dislocations that are also reported in a Ni-based SX superalloys with 381 

prolonged aging at temperatures above 1100 °C [54,55] or early stage of creep plasticity [49,56]. 382 

 383 

 384 

Figure 10. (a) BF-STEM DCI of AM1-PD-A1 (plastic strain 0.86%, at 1100 °C for 5 h) obtained 385 

with electron beam direction parallel with [001] zone axis. (b) Corresponding 3D 386 

stereo-pair anaglyph. Black arrows are pointing at dislocations inside the γ′ 387 

precipitates and white arrows are dislocation grooves at γ/γ′ interface. (Color figure 388 

online) 389 

 390 
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Details of this area are shown as 3D stereo-pair anaglyph in Fig. 10(b), and it reveals that the 391 

dislocation lines of spreading dislocations (white dotted section in Fig. 10(a)) are forming curves 392 

that reflect the shape of a γ channel. Matrix channel with the spreading dislocations is thicker and 393 

the channels perpendicular to the spreading dislocations are thinner than the other channels around 394 

cubic γ′ precipitates. 3D visualization of two dislocation types mentioned above (black and white 395 

arrows) proves that they are located inside the γ′ precipitate.  396 

 397 

To complement the information from the diffraction contrast imaging of the defect structure, 398 

also STEM-EDS compositional line profiles were acquired along two arrows B and C drawn in 399 

Fig. 11(a) (detail of BF-STEM DCI in Fig. 10(a)). Line profile B (Fig. 11(b)) is intersecting with 400 

spreading dislocations and line profile C is intersecting with dislocation-free γ channels (Fig. 401 

11(c)). Dislocation free γ channels in both line profiles B and C are showing similar local chemical 402 

compositions with typical Cr and Co (γ-former) segregation [25,57,58]. Middle “macroscopic” 403 

peak of Cr and Co in Fig. 11(b) corresponds to the broadened γ channel and further reflects its 404 

curved shape. The respective positions of dislocation lines of three spreading interfacial 405 

dislocations were marked into the EDS line scan by black dashed lines for reference. The same 406 

was done for small individual dislocation segments entering γ′ precipitate (see black arrow in both 407 

Figs. 11(a) and (c)). The phenomenon of elemental (Cr, Co, and others) segregation to dislocations 408 

has been reported and well established in the literature and its impacts on the directional 409 

coarsening are widely accepted in the community[25,57–60]. Detection of such subtle elemental 410 

segregation to one individual defect via electron microscopy is very challenging, however under 411 

some circumstances it is not impossible even under non-edge-on crystallographic orientation 412 

conditions [61,62]. While potential compositional changes associated with three spreading 413 

dislocations in line scan B are on the scale within the error margin of quantified EDS, there is 414 

indeed distinct Cr peak on the quantified and integrated line scan C associated with a small 415 

dislocation segment entering γ′ precipitate (see black arrow in both Figs. 11(a) and (c)). This may 416 
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be due to the fact that the small line segment in γ′ precipitate is actually oriented close to the end-417 

on direction with respect to the electron beam (as determined from the stereo-STEM DCI). 418 

 419 

 420 

Figure 11. Dislocations extending from the core of the deformation band in AM1 alloy after 421 

first aging at 1100 °C for 5 h (A1) (Fig. 10(a)). (a) BF-STEM DCI of the inspected 422 

area showing positions where two compositional line profiles B (b) and C (c) were 423 

extracted using STEM-EDS. (Color figure online) 424 

 425 

BF-STEM DCI of the microstructure coarsened band in pre-deformed AM1 after two aging 426 

HTs (AM1-PD-A1A2) is shown in Fig. 12(a) as a zonal image. Fig. 12(b) is two-beam diffraction 427 

condition of the same area in Fig. 12(a) using g = [02̅0] in which the majority of the dislocations 428 

are out of contrast. The core of the microstructure coarsened band is revealed throughout the image 429 

in this two-beam condition since it consists of more complicated dislocation arrangement. 430 

Numerous dislocations propagating from the core of the deformation band into the matrix channels 431 

are located at the interface of matrix and precipitates. Fig. 12(c) is a close-up image of Fig. 12(a) 432 

and 3D stereo-pair anaglyph of the same area is in Fig. 12(d). From this 3D stereo-pair image, γ/γ′ 433 

interfacial dislocations are dense and form networks in the core of the band. Black arrows in Fig. 434 

12(c) are pointing at some examples of dislocations that are already inside the γ′ precipitates. 435 

STEM-EDS line profile composition analysis across the microstructure coarsened band does not 436 

show significant differences between the band and non-affected areas. 437 

 438 
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 439 

Figure 12. BF-STEM DCI of typical microstructure coarsened band in pre-deformed AM1 after 440 

two-stage aging A1 and A2 (AM1-PD-A1A2, plastic strain 0.86%, at 1100 °C for 5 441 

h). (a) Condition with electron beam direction parallel with [001] zone axis. (b) Two-442 

beam diffraction condition using g = [02̅0]. (c) Detail of dislocation structure inside 443 
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the microstructure coarsened band from (a). (d) Corresponding BF-STEM DCI 444 

stereo-pair anaglyph. (e) STEM-EDS line scan along arrow in (a) that is 445 

perpendicular to the microstructure coarsened band. (Color figure online) 446 

 447 

Similar to STEM observations on AM1, dislocations are observed within γ′ precipitates of the 448 

microstructure coarsened band in pre-deformed CMSX-4 Plus after the first stage HT as shown in 449 

Fig. 13. Development of γ/γ′ interfacial dislocations arrangements and network formation can be 450 

observed in Fig. 13(a) with some dislocations within γ′ precipitates as pointed by black arrows. 451 

Fig. 13(b) is another example of the band where the γ′ precipitate is sheared by a superdislocation 452 

as visualized by 3D stereo-pair anaglyph.  453 

 454 

 455 

Figure 13. (a) BF-STEM DCI of a microstructure coarsened band in CMSX-4 Plus after PD and 456 

first aging HT (4P-PD-A1, plastic strain 0.71%, at 1165 °C for 6 h) obtained with 457 

electron beam direction parallel with [001] zone axis. (b) BF-STEM DCI stereo-pair 458 

anaglyph showing in detail shearing of a precipitate by superdislocation. (Color 459 

figure online) 460 

 461 

BF-STEM DCI after RTPD and two stage aging HTs of pre-deformed CMSX-4 Plus is shown 462 

in Fig. 14(a) and the corresponding 3D stereo-pair image in Fig. 14(b). Black arrows in Fig. 14(a) 463 

are pointing at some examples of dislocations that are already inside the γ′ precipitates. The 464 
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analysis of representative microstructure presented in Fig. 14 demonstrates that γ/γ′ precipitate 465 

morphologies and dislocation distribution has not drastically changed during the second aging HT. 466 

STEM-EDS compositional line scan in Fig. 14(c) shows that average chemistry inside and outside 467 

the microstructure coarsened band are similar, in another words, no definitive sign of chemical 468 

segregation on the scale of the microstructure coarsened band was found. More distinctive and 469 

larger peaks in Fig. 14(c) are due to the coarsened irregular precipitates having high density of 470 

dislocations. The white dashed rectangle in Fig. 14(a) highlights the detail of this morphology as 471 

shown in Fig. 15. 472 

 473 

 474 

Figure 14. (a) BF-STEM DCI of a microstructure coarsened band in CMSX-4 Plus after PD and 475 

two stage aging HTs (4P-PD-A1A2, plastic strain 0.71%, at 1165 °C for 6 h + at 476 

870 °C for 20 h) obtained with electron beam direction parallel to [001] zone axis. 477 
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(b) 3D stereo-pair anaglyph showing detail of the same band. (c) STEM-EDS 478 

compositional line scan along arrow in (a) that is perpendicular to the microstructure 479 

coarsened band. (Color figure online) 480 

 481 

Potential compositional changes associated with the areas where γ′-shearing dislocations were 482 

identified were investigated in the case of CMSX-4 Plus as well. The compositional line profiles 483 

crossing several dislocations within γ′ precipitates (Fig. 15(a) and corresponding STEM-EDS map 484 

of Cr in Fig. 15(b)) were plotted in Figs. 15(c, d). Line profile C is crossing a “horizontal” γ 485 

channel parallel with [100] direction that is no longer connected to the “vertical” [010] oriented 486 

channel, and it is containing dislocation segments. Multiple paired dislocations which are inside 487 

the γ′ precipitate (see stereo-pair anaglyph Fig. 14(b)) are analyzed in line profile D. In this 488 

specific area with shearing dislocations, the elemental composition inside the γ′ precipitate is 489 

altered with notable Cr and Co enrichment at the expense of Ni. Stereo-STEM DCI analysis of the 490 

same location demonstrates that the dislocations are shearing γ′ precipitates; however, it is not 491 

definitive to say that this area is composed solely of γ′ phase and without presence of γ phase. This 492 

can be an extremely thin layer of γ forming elements dragged and bridged by γ′ shearing 493 

dislocations.  494 

 495 
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 496 
Figure 15.  Core of the microstructure coarsened band in pre-deformed CMSX-4 Plus after 497 

two-stage aging treatment A1 and A2 (4P-PD-A1A2, plastic strain 0.71%, at 1165 °C 498 

for 6 h + at 870 °C for 20 h). (a) BF-STEM DCI of the inspected area shows position 499 

where the compositional line profile was extracted using STEM-EDS. (b) 500 

Corresponding STEM-EDS map of Cr revealing Cr enrichment in the areas where 501 

dislocations are arranged or are shearing the precipitates. (c) STEM-EDS 502 

compositional line profile revealing γ-former segregation on unconnected horizontal 503 

[100] direction oriented γ channel. (d) STEM-EDS compositional line profile of 504 

closely paired dislocations shearing the ordered precipitate. (Color figure online) 505 

 506 

3.4.Creep properties analysis on CMSX-4 Plus 507 

 508 

Creep curves of pre-deformed CMSX-4 Plus that were reported in the previous study are 509 

shown in Fig. 16 [27]. At 1150 °C (γ′ rafting regime temperature), pre-deformed CMSX-4 Plus 510 



Accepted version: S. Utada, et al., Acta Mater., 121448, 2025. https://doi.org/10.1016/j.actamat.2025.121448 

29 

 

showed creep life reduction similar to AM1 crept at 1050 °C. On the other hand, at 1050 °C, creep 511 

life of CMSX-4 Plus was not severely affected by the pre-deformation.  512 

 513 

 514 

Figure 16.  Creep rupture test results of 4P-PD-A1A2 performed at 1050 °C / 200 MPa and 515 

1150 °C / 110 MPa [27]. 516 

 517 

The results of EBSD analysis performed on crept samples of CMSX-4 Plus are shown in Fig. 518 

17 to explain the difference between two temperatures 1050 °C and 1150 °C. Fig. 17(a) is showing 519 

an example of local recrystallization initiated from the creep pores at the microstructure coarsened 520 

band. This microstructural feature is identical to the one observed after creep of pre-deformed 521 

AM1 at 1050 °C / 140 MPa in the previous study [26], which confirms that the local 522 

recrystallization is responsible for the creep life reduction in the pre-deformed CMSX-4 Plus at 523 

1150 °C. When the pre-deformation is not significantly affecting the creep life (1050 °C / 200 524 

MPa), magnitude of lattice rotation is minor, and it is not triggering recrystallisation in the region 525 

near the fracture surface (Fig. 17(b)). In this case, although some localization is present at the 526 

microstructure coarsened bands, the crack propagation is being induced by typical creep voids 527 

regardless of their location  528 

 529 
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 530 

Figure 17.  (a) Inverse pole figure (IPF) color-coded orientation map referring to the tensile 531 

direction superimposed on image quality (IQ) map of 4P-PD-A1A2 (0.5% prior 532 

plastic strain) after creep rupture test at 1150 °C / 110 MPa. (b) IPF color-coded 533 

orientation maps referring to the tensile direction and grain reference orientation 534 

deviation (GROD) map of 4P-PD-A1A2 (0.64% prior plastic strain) after creep 535 

rupture test at 1050 °C / 200 MPa. (Color figure online) 536 

 537 

In addition to EBSD characterization, ECCI was performed on creep ruptured CMSX-4 Plus 538 

as shown in Fig. 18. Significantly different density of γ′-shearing dislocations were observed 539 

inside the microstructure coarsened band (Fig. 18(a, b)) compared to the area outside the band 540 

(Fig. 18(b,c)). γ′-shearing dislocations are mainly on the octahedral system as pointed by white 541 

arrows. Additionally, also <001> type dislocation was observed as highlighted by black arrow. 542 

These clearly show that creep damage accumulation is faster in the microstructure coarsened band, 543 

and it is mainly by dislocation glide on {111} planes. Previous study hypothesized that the creep 544 

void nucleation and growth in the pre-deformed AM1 is accelerated by the pipe diffusion at the 545 

dislocations in the microstructure coarsened bands [10]. This ECCI observation strongly supports 546 
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that the dislocations in {111} gliding planes are particularly enhancing the damaging process 547 

during the creep deformation under high-temperature low-stress creep conditions.  548 

 549 

 550 

Figure 18. ECCI analysis of the microstructure of CMSX-4 Plus (4P-PD-A1A2, 0.5% prior 551 

plastic strain) after creep rupture test at 1150 °C / 110 MPa (loading direction [001]). 552 

(a) Inside the microstructure coarsened band showing γ′-raft inclined to loading 553 

direction, (b) the border (dotted line along (111) plane) of the microstructure 554 

coarsened band and N-type γ′-raft perpendicular to the loading direction, (c) 555 

perpendicular N-type γ′-raft outside the microstructure coarsened band. Black and 556 

white arrows are pointing at γ′-shearing dislocations. Brighter phase is γ and darker 557 

phase is γ′ as indicated in (c). 558 

 559 

4. DISCUSSION 560 

Results of detailed multi-scale electron microscopy-based characterization presented in 561 

previous sections provide a strong base for the discussion of the processes involved in the 562 

microstructure evolution of two different alloys AM1 and CMSX-4 Plus. Three different 563 

perspectives are discussed: 1) Tensile pre-deformation behaviors, 2) kinetics of microstructure 564 

evolution, and 3) dislocation arrangements and elemental segregations. Having discussed the 565 

nature of the microstructure coarsened bands, the origins of creep damage localization [26] at high 566 

temperature creep conditions of two SX superalloys are explained. 567 

 568 

 569 
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4.1.Effect of alloy composition on the tensile pre-deformation behaviors 570 

 571 

To discuss different pre-deformation behaviors of two superalloys (1st gen. AM1 and 3rd gen. 572 

CMSX-4 Plus) in the as-solution treated state, it must be started from tensile yielding behaviors 573 

of these alloys. As-solutioned AM1 presents a higher yield strength compared to as-solutioned 574 

CMSX-4 Plus. The higher yield strength of AM1 suggests that the resistance to the γ′ precipitate 575 

shearing is higher, in another words, more energy is required for the activation of a slip system 576 

and to form a slip band during the pre-deformation. Moreover, by full aging treatment that 577 

optimizes precipitate morphology, the same alloy AM1-HT1-RTPD presents much higher yield 578 

strength. Because slip bands are strongly marked on a surface of AM1-HT1-RTPD (Fig. 4(a)) 579 

compared to others (Fig. 4(b, c)), the local displacement at each single slip band is expected to be 580 

larger. When the materials are deformed at RT (i.e. within the γ′-shearing regime) up to equivalent 581 

macro plastic strain, material with lower yield strength has a greater number of introduced slip 582 

bands, but displacement at each band is necessarily smaller. More and thinner microstructure 583 

coarsened bands were observed in former {111} slip planes of CMSX-4 Plus when compared to 584 

that in both as-solutioned and heat treated AM1 (Figs. 4(d-f)). The thickness and number of the 585 

microstructure coarsened bands are evidence that there is a clear distinction in the number of pre-586 

deformation slip bands for these three materials. The above relationship of yield stress, slip band 587 

density, and plastic strain magnitude for AM1 and CMSX-4 Plus is schematically presented in Fig. 588 

19. On a microscopic scale, elastic strain energy is stored in the stress fields generated by 589 

dislocations that interact repulsively and constitute a slip band. With the simplyfing assumption 590 

that each slip band contains the same amount of the elastic energy, the color-filled area in Fig. 19 591 

denotes the stored energy associated with one slip band. 592 

 593 
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 594 

Figure 19. Schematic illustration explaining the relationship between yield stress, slip band 595 

density and energy stored in single slip band when comparing as-solutioned AM1 596 

and CMSX-4 Plus alloys. 597 

 598 

4.2.Microstructure evolution process of pre-deformed Ni-based SX superalloy 599 

 600 

The number of slip bands and stored energy within one deformation band are reflected to the γ′ 601 

precipitate shapes/sizes presented in Figs. 6 and 7. In these figures, the main points are that: 1) 602 

Microstructure evolution mainly occurs during the first stage aging. 2) AM1 showed a stronger 603 

tendency of directional coarsening than CMSX-4 Plus.  604 

 605 

Two distinctive types of shear bands were observed after pre-deformation; one is collection of 606 

thinner slip bands (Fig. 9(b)), and another one is a thick deformation band (10-20 μm) with 607 

multiple slip planes activated (Fig. 9(c)). After the HT of pre-deformed AM1, γ′ precipitate sizes 608 

within microstructure coarsened bands are mostly the same regardless of the width of the 609 

microstructure coarsened bands. Therefore, during the HT, the type of native dislocation system 610 

does not change the precipitation evolution mechanisms. Internal stress relaxation around shearing 611 

dislocations and planar faults is a driving force for precipitate evolution that mostly completed 612 

during the first stage aging. The area of deformation band (covered by dislocations and planar 613 

faults) is a factor determining the width of the microstructure coarsened band.  614 
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 615 

The microstructure evolution during the first stage aging treatment was very similar to 616 

dislocation network development during high-temperature low-stress creep of Ni-based SX 617 

superalloys [51,63–65]. The process of γ/γ′ dislocation network formation is known to start by 618 

𝑎

2
〈110〉 type dislocation climb within γ matrix channels during the primary creep stage [53,66–619 

68]. γ-forming solute elemental segregation (Cr and Co in Fig. 11) at the spreading dislocations 620 

[57,58] is also suggesting that the process involves diffusion similar to γ′-rafting in AM1. The 621 

characteristic of pre-deformed material is that precipitates were penetrated by paired dislocations 622 

and planar faults in slip planes (Fig. 9) prior to the HTs, and they are not distributed 623 

homogeneously over the material volume because the magnitude of plastic strain was only a minor.  624 

 625 

Because precipitate plasticity is driven by the similar mechanism as directional coarsening, γ/γ′ 626 

lattice misfit at the temperature of first aging treatment needs to be considered to discuss the types 627 

of microstructure evolution observed in the band of the two alloys. In general, Ni-based SX 628 

superalloy with higher magnitude of lattice misfit will form more planar γ′-rafts during primary 629 

stage of high-temperature low-stress creep conditions [53,63]. While AM1 has measured misfit 630 

value of about -0.29% at 1100 °C [69,70], that of CMSX-4 Plus at 1150 °C is estimated as -0.2% 631 

to -0.25% derived from internal database [71,72]. This estimation is reasonable considering that 632 

composition of CMSX-4 Plus is similar to that of CMSX-4 (misfit of -0.2% at 1100 °C) but less 633 

Cr and more Re [73,74]. These misfit values suggest that tendency of γ′-raft development can be 634 

stronger for AM1, which align with the observations of promoted γ′-rafting in AM1 where one 635 

edge length become smaller or similar to cuboid γ′ precipitates (see Fig. 6(a)). γ′ coarsening for 636 

CMSX-4 Plus has limited anisotropy, but overall, they are consequence of coarsening and 637 

coalescence that were accelerated by pre-deformation shear bands. 638 

 639 
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The fact that γ′-rafting in AM1 was promoted during HT is also indicating the higher stored 640 

energy in a slip band for AM1 than that for CMSX-4 Plus. Our previous study that showed 0.3% 641 

and 0.8% pre-strained specimen have similar precipitate size evolution during the HTs [25]. This 642 

means that the energy involved in microstructure evolution at a single pre-deformation slip band 643 

is constant for the same material at such small macro plastic strain, and that further plastic 644 

deformation within the single slip tensile deformation regime is just ensured by slip bands 645 

multiplication, which justifies Fig. 19. 646 

 647 

Although the microstructure and dislocation structure evolution processes resemble to directional 648 

coarsening at the rafting regime, and it occurred only within 4 to 6 h at high temperature, 649 

distinctive characteristics are observed for pre-deformed materials. First feature is the shearing 650 

dislocations inside the γ′ precipitates (Figs 13 and 14), and second is the creep type void formation 651 

reported in the previous study for AM1 [26] (note that creep voids were also observed in 4P-PD-652 

A1A2 before the creep loading). These two features are in fact typically observed at the end of 653 

steady state creep regime where diffusion induced creep damages have been accumulated and 654 

creep strain starts to increase toward failure [28,29,51,75–84]. However, more importantly, 655 

without the applied external stresses like during the creep tests and without full formation of 656 

dislocation network, shearing dislocations and creep type voids were already existing in the 657 

material. This means that the creep life threatening defects are already forming prior to the creep 658 

tests. 659 

 660 

4.3. Origin of inclined γ′-rafting and damage localization during high temperature creep 661 

 662 

Coarsened microstructure and dislocations configuration are indeed the most important 663 

microstructural characteristics that are inherited from as-heat treated pre-strained SX superalloys 664 

at the beginning of creep tests. The previous studies have shown that the early creep failure 665 
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processes of the pre-deformed material are associated with the creep damage localization at the 666 

microstructure coarsened band [25,26]. This includes faster microstructure coarsening at the band, 667 

earlier and frequent creep void nucleation and growth, and recrystallization around developed 668 

creep voids [26]. The same mechanism was observed for CMSX-4 Plus in this study. The 669 

following section focuses on the process leading to such localized creep damaging mechanisms, 670 

particularly on faster microstructure coarsening at the band, and further details of the creep life 671 

reduction occurred in two different alloys AM1 and CMSX-4 Plus. 672 

 673 

It is evident that γ′-rafts are inclined along the former microstructure coarsened bands of 674 

CMSX-4 Plus at 1150 °C (Fig. 16) and AM1 at 1050 °C (Fig. 1 and references [25,26]). From the 675 

observations in this study, it is suggested that inclined γ′-rafts were formed because of dislocation 676 

structures induced by the pre-deformation and subsequent HTs. Microstructure after additional 677 

prolonged aging of pre-deformed AM1 in Fig. 20 is heavily coarsened, but long and continuous γ 678 

phase can be observed. This is in the same plane as the slip band during pre-deformation. Therefore, 679 

inclined microstructure can be naturally formed in the pre-deformed material without presence of 680 

the external (creep) load [52,64,85]. 681 

 682 

 683 

Figure 20.  Microstructure of AM1-PD-A1A2 (0.79% plastic strain) after additional prolonged 684 

aging at 1050 °C for 500 h. Brighter phase is γ and darker phase is γ′ as indicated in 685 

the figure. Areas surrounded by white dotted lines are long and continuous γ-phase. 686 
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 687 

The process of the inclined γ′-raft formation is indeed associated with dislocation structures 688 

observed in this study. Stereo-projection of dislocation structures after heat treatments in Figs. 10, 689 

12-14 provided evidence of dislocations that are entering into γ′ precipitates from interfacial 690 

dislocation network. From STEM-EDS results, these “ready-to-shear” dislocations have typical γ-691 

former segregation. Small interfacial dislocation grooves after the first stage aging are also 692 

enriched by γ-formers such as Cr and Co. γ′-raft evolution is known to be promoted by the 693 

transportation of these elements through the pipe diffusion process [57,58]. Core of the 694 

microstructure coarsened bands (Fig. 12) is composed of the complex dislocation structure and 695 

hence it has natural tendency of growing toward the former slip plane. 696 

 697 

The situation can be more severe during the γ′-rafting regime creep. It is obvious that an external 698 

creep load induces inclined rafts that coarsens at a much higher rate, and this can be explained by 699 

similar reason to the natural microstructure evolution on {111} planes. The rate controlling 700 

elementary process for creep acceleration at the rafting regime is γ′ cutting [28,67,86,87]. The 701 

process consists of transfer of γ dislocation segments from dislocation network through the γ/γ′ 702 

interface, which then cut through the γ′ phase as a superdislocation. This is followed by 703 

dissociation into superpartials that annihilate with the γ dislocation network on the opposing side 704 

[67,75,76]. Such dislocation activities are known to make the perpendicular rafts into wavy form 705 

at the end of secondary steady stage [58,88,89]. Because “ready-to-shear” γ′-dislocations are 706 

already overcoming interfacial barrier, they can easily penetrate through the γ′ phase on {111} 707 

plane at an earlier stage of creep deformation [90,91]. Penetrating dislocations can become solute 708 

transportation paths to further accelerate coarsening of inclined rafts that acting like wavy rafts at 709 

the accelerating stage [58,92]. The higher dislocation density within the band (ECCI observations 710 

in SEM in Fig. 18) is the direct evidence that this process is locally very active. 711 

 712 
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Critical effect of “ready-to-shear” dislocations on creep life also aligns with the very high cycle 713 

fatigue conditions R = -0.5. The same pre-deformed AM1 showed substantially shorter fatigue 714 

lifetime compared to the reference material due to very intense microstructure shearing at the 715 

microstructure coarsened bands [93]. The microstructure coarsened band has mobile γ′-716 

dislocations and cyclic fatigue loading (above 500 MPa at 1000 °C) can easily promote further 717 

penetration that led to the surface crack initiation. 718 

 719 

Another example of microstructure that led to continuous γ phase is shown in Fig. 21(a), which 720 

is pre-deformed and creep ruptured CMSX-4 Plus. This area near a developed creep pore has 721 

intense shearing traces along the microstructure coarsened band. Because of a large creep pore, 722 

stress concentration is expected in this area. If the γ-former solute can transport along an array of 723 

shearing dislocation that is the traces, continuous γ phase can form consequently.  724 

 725 

 726 

Figure 21.  (a) Microstructure of C4-PD-A1A2 (0.5% prior plastic strain) after creep rupture 727 

test at 1150 °C / 110 MPa, observed at 2 mm away from fracture plane. 728 

Microstructure shearing events are indicated by white arrows. (b) Microstructure of 729 

C4-PD-A1A2 (0.64% plastic strain) after creep rupture test at 1050 °C / 200 MPa, 730 

 731 

The damage evolving process in the inclined γ′-raft discussed in this section can be 732 

schematically illustrated in Fig. 22. A creep interrupted test after the primary stage on pre-733 
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deformed AM1 [26] showed perpendicular N-type raft and inclined raft at the former slip plane. 734 

However, at this point, inclination is not exactly on a {111} plane, and thickness of γ/γ′ layers is 735 

not significantly different. Process in Fig. 22b-1 is explaining dislocation shearing into γ′ phase 736 

(Fig. 18) that is facilitated by native dislocations developed by RT pre-deformation and subsequent 737 

standard aging treatments. Native dislocations have γ-forming solute segregation (Fig. 15) and 738 

this is also expected for shearing dislocations that help formation of {111} inclined connected γ′-739 

raft structure by solute transportation (Fig. 22b-2) [57,58]. The same mechanism accelerates 740 

vacancy transportation that leads to rapid coarsening of creep voids [29,81,94,95].  741 

 742 

The coarsened and inclined γ′-raft can synergistically enhance the damage process when higher 743 

stresses are applied, for example the local stress concentration (Fig. 21(a)) or higher creep/fatigue 744 

stress cases (AM1 at 850 °C / 500 MPa [25,27] and fatigue stress >500 MPa [93]). In such 745 

situations, intense shearing can create a long-connected path for coarsening of the inclined γ′-raft 746 

as illustrated in Fig. 22(c).  747 

 748 

 749 

γ′

γ

(a) Completion of γ′-rafting and small

inclination of γ′-rafts inside the band
(b-1) <110>{111} type dislocation entering γ′-

phase is selectively enhanced by native 

dislocations formed during aging treatments

(c) Intense shearing within the band creates 

plane with very high dislocation density, 

assisting segregation of solute elements 

and creates long and connected structure

(b-2) Solute element segregation in shearing 

dislocations assists γ-phase to grow into long 

and connected structure parallel to the band
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Figure 22.  Schematic illustration of creep damage localization processes. (a) Completion of γ′-750 

raft during a creep deformation. (b) higher temperature-lower stress creep conditions 751 

where dislocation entering γ′ promotes microstructure evolution. (c) higher stress 752 

creep situation that localized sharing of whole microstructure dominates the 753 

damaging. 754 

 755 

4.4. Effect of alloy composition 756 

 757 

While creep life reductions of pre-deformed SX superalloys AM1 at 1050 °C, AM1 at 950 °C 758 

and CMSX-4 Plus at 1150 °C were similar in terms of life reduction and planar fracture with 759 

recrystallized slip plane, CMSX-4 Plus performed differently at temperatures below 1050 °C. The 760 

reasons for CMSX-4 Plus being more tolerant to pre-deformation can be discussed from the 761 

dislocation structure and precipitate evolution analyses of this study.  762 

 763 

We have discussed that AM1 stored higher magnitude of energy within one deformation band, 764 

and this caused precipitate evolution with higher tendency of directional coarsening compared to 765 

CMSX-4 Plus. Dislocation structures inside the microstructure coarsened bands were more 766 

complex and denser in the case of AM1. As a consequence, shearing enhancing effect within the 767 

microstructure coarsened band could occur much easier in AM1 than in CMSX-4 Plus. This is a 768 

reason why creep life reduction with localized failure process was observed for AM1 regardless 769 

of creep conditions.  770 

 771 

Solute segregation from Figs. 12 and 15 can also support the observed differences in creep 772 

performances at lower temperatures below topological inversion regime (i.e. γ′ volume fraction 773 

>50%). Particularly the presence of Re in CMSX-4 Plus and Re segregation at dislocations in Fig. 774 

15(c) is one important difference between the two alloys. The Re effect associated with the 775 

segregation at dislocations [60,96,97] is often discussed as a factor retarding creep deformation 776 
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since slower diffusion of Re compared to the other alloying element limits the overall diffusion 777 

rate [98–100]. EBSD analysis in Fig. 17(b) showed that creep damage localization at the band is 778 

not necessarily related to creep void nucleation and crack propagation at 1050 °C for CMSX-4 779 

Plus. Moreover, the γ/γ′ microstructure shown in Fig. 21(b) does not present strong inclination of 780 

γ′-rafts at the microstructure coarsened band. This suggests that the topological inversion process 781 

is erasing all the prior microstructure degradation rapidly in terms of precipitate morphologies. 782 

Therefore, the further creep resistance after the topological inversion is controlled by 1) diffusivity 783 

and 2) magnitude of plastic activities leading to native dislocation density before the creep tests.  784 

 785 

If the Re strengthening is active for CMSX-4 Plus, the question is why it is not effective at 786 

1150 °C. This question helps to understand the most critical situation when the pre-deformation 787 

decreases the creep life of a Ni-based SX superalloy. The rafting regime (γ′ volume fraction ≤50%) 788 

for AM1 is around 1050 °C and for CMSX-4 Plus is 1150 °C [32]. At the rafting regime, creep 789 

deformation rate is limited by the distance which dislocation needs to by-pass through γ/γ′ 790 

interface and then the penetration of γ′ phase. If the diffusion is fast enough that by-passing 791 

dislocation is not limited by the solute dragging, kinetics of whole process is accelerated by the 792 

coarse and inclined microstructure, and hence the creep life degradation mechanism works 793 

similarly regardless of composition or the size of microstructure coarsened band. 794 

 795 

5. CONCLUSIONS 796 

 797 

Minor prior plastic strain (~0.8%) was introduced at room temperature into the as-solutioned 798 

Ni-based single crystal superalloys AM1 and CMSX-4 Plus followed by aging heat treatments. 799 

This study was designed to mimic the pre-deformation of a turbine blade material that can be 800 

introduced during the processing. Associated microstructural changes were analyzed and 801 

characterized at different length scales to understand the microstructure evolution behavior and 802 
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mechanisms leading to damage localization during high temperature creep deformation. The 803 

following conclusions can be made from the present study. 804 

 805 

 Dislocation climb is the main mechanism of dislocation and microstructure evolution during 806 

aging treatment after the pre-deformation of as-solutioned Ni-based SX superalloys. This 807 

mainly occurs during the first stage of aging treatment at 1100 °C for AM1 and 1165 °C for 808 

CMSX-4 Plus. The process is similar to that occurring at the beginning of primary creep stage 809 

in high-temperature low-stress “γ′-rafting regime” creep.  810 

 811 

 The effect of pre-deformation on γ precipitate size and shape of CMSX-4 Plus is minor 812 

compared to that of AM1 that presented γ′-rafting type coarsening. Higher γ/γ lattice misfit 813 

of AM1 at HT temperature and lower stored strain energy in a single pre-deformation slip 814 

band of CMSX-4 Plus is probably a reason for less affected microstructure. 815 

 816 

 TEM observations revealed that dislocations are already shearing into γ′ phase during the heat 817 

treatment with local γ-former solute segregations at the shearing dislocations. After high 818 

temperature creep on pre-deformed CMSX-4 Plus, intense creep damage localization by 819 

dislocation shearing into γ′ phase at the microstructure coarsened bands were observed using 820 

ECCI in SEM. “Ready-to-shear” γ′ dislocations already existing before the creep test are the 821 

origin of creep damage localization.  822 

 823 

 Creep properties of CMSX-4 Plus were not affected significantly at temperatures lower than 824 

1050 °C, whereas AM1 has creep life reduction for all creep conditions reported in our 825 

previous study [25]. Pre-deformation induced dislocations are contributing to the acceleration 826 

of creep damage accumulation differently depending on the creep conditions. At the 827 

temperature above the γ′-rafting regime (γ′ volume fraction ≤50%), coarse and inclined γ′-828 
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rafting microstructure formation accelerates kinetics of local creep damage accumulation 829 

regardless of alloy chemistry. At the lower temperatures below topological inversion regime 830 

(i.e. γ′ volume fraction >50%), diffusivity and native dislocation structure are playing role, 831 

and hence, CMSX-4 Plus with high Re content is hardly affected by the pre-deformation. 832 
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