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b Institute of Materials Science and Engineering, Brno University of Technology, Technická 2896/2, 61669, Brno, Czech Republic
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A B S T R A C T

Thermomechanical fatigue (TMF) and isothermal fatigue (IF) of polycrystalline nickel-based superalloy C263 
were studied. Strain-controlled fatigue experiments were conducted under in-phase and out-of-phase TMF modes 
in the temperature range of 300-800◦C, and under high-temperature IF conditions at 800◦C. The cycle duration 
using a triangular shape form was 100 s. The cooling/heating rate of the TMF cycle was 10◦C/s. A thorough 
analysis of hysteresis loops was performed, and cyclic hardening/softening curves, cyclic stress-strain curves, and 
fatigue life curves were obtained. The presence of dynamic strain ageing and thermal recovery on the stress- 
strain response during TMF tests was observed. To gain insights into how temperature and strain affect the 
material, scanning electron microscopy and transmission electron microscopy techniques were utilised. Inves
tigation revealed that in-phase TMF loading promoted internal intergranular damage and thus provided the 
lowest fatigue lifetimes across all selected strain amplitudes out of all three testing conditions. In contrast, out-of- 
phase TMF loading induced higher stresses and promoted transgranular fatigue crack propagation through a 
striation mechanism, resulting in longer fatigue lifetimes during TMF conditions. The microstructural observa
tions revealed the occurrence of dynamic recrystallisation during TMF and IF. Fine recrystallised grains formed 
most prominently during TMF-OP, while TMF-IP and IF showed only localised recrystallisation near secondary 
cracks. This observation demonstrates that recrystallisation can be activated during cyclic TMF loading, where it 
influences crack propagation behaviour and can potentially reduce the lifetime of C263.

1. Introduction

In response to increasing demand to reduce fossil fuel consumption, 
the development of ultra-supercritical power plants represents a sig
nificant advancement in power generation sustainability. These plants 
operate at extremely high temperatures and pressures, exceeding the 
critical points of water, leading to higher thermal efficiency and, 
consequently, less fuel usage and lower emissions [1,2]. The durability 
of components used in the ultra-supercritical power plants depends not 
only on their long-term resistance to creep but also on their capacity to 
withstand short-term operational stresses, such as fluctuating loads 
during repeated start and stop cycles. Thermomechanical fatigue (TMF) 
testing simulates the complex interaction of thermal and mechanical 

loads that high-temperature components face, reflecting key aspects of 
the operational environment in ultra-supercritical power plants [3,4].

Historically, simpler and more affordable isothermal fatigue (IF) 
tests were often chosen over TMF tests. However, temperature cycling 
affects both deformation and damage mechanisms, leading to different 
behaviour under TMF and IF loading. According to the literature, TMF is 
usually more damaging than IF, even at peak operational temperatures 
[5–7]. Two TMF loading modes are predominantly applied across the 
literature [8–11], representing the most common loading scenarios. 
First is the in-phase mode (IP), where maximum temperature coincides 
with maximum strain, and therefore, the phase angle between strain and 
temperature is 0◦. The second typical TMF loading mode is out-of-phase 
(OP), in which the temperature and deformation have a phase shift of 
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180◦, meaning that the maximum temperature coincides with the min
imum strain, and vice versa. The TMF-IP cycle is linked to conditions of 
cold spots, where the local temperature is lower than that of the sur
rounding material. Conversely, the TMF-OP cycle corresponds to hot 
spots, where the temperature exceeds that of the adjacent areas. Cold 
spots are, e.g., found near the turbine blade's cooling channels, whereas 
hot spots are often located on the blade's aerofoil or platform [12].

Depending on the phase angle, significant variations can occur in the 
micromechanical behaviour, especially in the formation of dislocation 
structures and in crack initiation and propagation [8,13]. Prasad Reddy 
et al. [14] noted that below a certain temperature (different for each 
material), transgranular crack propagation mechanisms prevail. As the 
maximum temperature increases, crack growth shifts toward inter
granular mechanisms [15]. Research on polycrystalline materials 
[16–19] revealed that under TMF-OP conditions, cracks propagate 
predominantly transgranularly, while under TMF-IP conditions, crack 
propagation is mainly intergranular, and in some instances, the creep 
cavities are present and contribute to intergranular propagation [20].

Components operating in ultra-supercritical power plant units are 
subjected to harsh environments during TMF, which demands the use of 
materials capable of enduring the severe nature of this environment. In 
this context, various materials such as Alloy 740, Alloy 617, or the 
polycrystalline precipitation hardened nickel-based superalloy C263 
were considered for selected components of ultra-supercritical power 
plants. Specifically, Alloy C263 has been identified as a suitable material 
for steam pipe components [18,21–23] and has found applications in 
transition liners, exhaust systems, and casings of aircraft engines [18,24,
25].

A lot of effort was put into exploring the isothermal low-cycle fatigue 
behaviour of C263 since the early 21st century [18,23,26–28]. Various 
IF tests in the temperature range starting at room temperature up to 
950◦C were performed. Jadav et al. [26] conducted IF testing at tem
peratures of 25◦C, 450◦C, and 650◦C, while Dinesh's most recent studies 
describe high-temperature damage mechanisms during low-cycle fa
tigue of Superni SU-263 at 750◦C [29], 800◦C, 850◦C, and 900◦C under 
different strain amplitudes [30]. Both Jadav et al. [26] and Dinesh et al. 
[29,30] reported the occurrence of dynamic strain ageing (DSA) at 
higher temperatures. The DSA effect is often characterised by serrations 
observed on hysteresis loops. DSA involves diffusing solute atoms 
interacting with dislocations, impeding their movement until sufficient 
stress causes a dislocation to break free, resulting in a plastic strain burst 
and a concomitant stress drop [13,31,32].

There is very limited literature available regarding the TMF perfor
mance of C263 superalloy [18,22,24]. Manonukul et al. [24] conducted 
three strain-controlled TMF tests: one in-phase test over 300–800 ◦C, 
one in-phase test over 300–950 ◦C, and one out-of-phase test over 
300–950 ◦C, all with a strain amplitude 0.3% to examine behaviour 
above and below the γ′ solvus and to validate a combined creep–cyclic 
plasticity model. Bhattachar [22] conducted TMF tests on C263 sheet 
specimens. Zhang [18] performed strain-controlled TMF-IP and TMF-OP 
tests along with IF tests. However, only with a single strain amplitude for 
each mode and with a temperature range peaking at 950 ◦C, which 
surpasses the maximum temperature of 850◦C recommended by man
ufacturers [33]. The current study addresses these gaps by presenting 
data from TMF tests with a service-near temperature range of 
300-800◦C, typical for exhaustion liners [34], and with various strain 
amplitudes. Life curves under both TMF-IP and TMF-OP conditions are 
derived alongside the IF tested at 800◦C as a reference. The study also 
further examines the microstructure and fractography to elucidate the 
links between TMF testing and the resultant microstructural configura
tions, thereby enhancing the understanding of the material's behaviour 
under operational conditions.

2. Materials and methods

2.1. Material

The investigated material in this study is the polycrystalline pre
cipitation hardened nickel-based superalloy C263. VDM Metals Inter
national GmbH supplied the raw material as a hot-rolled plate. The heat 
treatment involved solid solution annealing at 1200 ◦C for 1 hour, fol
lowed by precipitation hardening at 800◦C for 8 hours in air. The 
nominal chemical composition of C263 alloy, as provided by the 
manufacturer, is presented in Table 1.

Cylindrical specimens, as schematically shown in Fig. 1a, with a 
gauge length diameter of 7 mm, were machined from a C263 hot-rolled 
plate. Subsequently, the surface of the gauge length was ground and 
electrolytically polished to allow for observation of evolving surface 
relief as depicted in Fig. 1b. The cylindrical specimen geometry was 
selected in accordance with the Validated Code-of-Practice for Strain- 
Controlled Thermo-Mechanical Fatigue Testing [35].

2.2. High-temperature fatigue testing

The TMF tests were controlled with total strain amplitude consisting 
of the desired mechanical strain course added to thermal strain recorded 
during thermal cycling at zero stress. Recording thermal strain is not 
necessary for isothermal testing. Therefore, the IF tests were controlled 
directly with total mechanical strain amplitude. The mechanical strain 
amplitudes (in %) used were 0.5, 0.4, 0.35, and 0.3 for TMF-IP tests; 0.6, 
0.5, 0.4, and 0.35 for TMF-OP tests; and 0.7, 0.5, 0.4, and 0.35 for IF 
tests. The amplitudes were chosen to keep the lifetime in the low-cycle 
region. Different damage mechanisms in TMF-IP, TMF-OP, and IF can 
lead to different fatigue lives at the same strain amplitude. Therefore, 
the amplitudes were adjusted during design to achieve overlapping 
lifetime regimes for meaningful comparison across loading modes. The 
strain was measured with a high-temperature extensometer with 
alumina rod extensions. Heating of specimens was achieved through an 
induction system with a water-cooled copper coil. Cooling was realised 
by the thermal conduction of the water-cooled grips, supplemented by 
additional air-cooling jets, achieving a cooling rate of 10◦C/s. The 
heating rate was also kept at 10◦C/s. The tests involved uniaxial, fully 
reversed (R=-1) cycling with a triangular waveform. The temperature 
span for TMF tests was set between 300-800 ◦C, with IF tests carried out 
at the maximum temperature of the TMF cycle of 800◦C. Each cycle 
lasted 100 seconds, divided equally between the heating and cooling 
phases. The same cycle period was applied to the IF tests. The TMF tests 
encompassed two distinct loading cycles, as illustrated in Fig. 2, namely 
TMF-IP and TMF-OP, to simulate different operational conditions.

Temperature uniformity across the specimen was ensured by 
employing three ribbon-type NiCr-Ni thermocouples (type K), which 
were placed at the centre and both ends of the gauge length. The number 
of cycles to failure was defined as the number of elapsed cycles when the 
criterion given by Eq. 1: 
(
σi

max − σi
min

)
− σref

a

σref
a

≤ 0.7 (1) 

was met, or at the time of fracture, before the criterion was fulfilled. The 
σmax and σmin are the maximum and minimum stress in the i-cycle, and 
σa is a reference stress amplitude set at the 10th cycle. The value of 0.7 
correlates approximately to the fatigue crack spread over half of the 
specimen circumference [8].

Table 1 
Chemical composition of C263 alloy specified by the manufacturer.

Element Cr Fe C Si Mo Co Al Ti Ni

Wt. % 19.9 0.6 0.05 0.2 5.8 19.7 0.5 2.1 Bal.
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2.3. Observation

The surface topography of the fatigued specimens was examined to 
investigate the impact of different loading conditions on crack initiation. 
Following this, the specimens were fractured into two halves (had they 
not already fractured during the fatigue test) for further analysis. From 
each of the halved cylindrical specimens, one segment was allocated for 
detailed fractographic analysis. The counterpart segment was divided 
into three distinct sections: one dedicated to X-ray Diffraction (XRD) 
analysis, another reserved for comprehensive microstructural and 
Electron Backscatter Diffraction (EBSD) observations, and the central 
segment arranged for in-depth Transmission Electron Microscopy (TEM) 
analysis. The metallographic sections for EBSD analysis were prepared 
by grinding on SiC papers and polishing by diamond suspensions, fol
lowed by electrolytic polishing in a solution composed of HNO3 + HClO4 
+ C2H5OH in a volume ratio of 1:3:66. A LYRA 3 XMU FEG/SEMxFIB 
scanning electron microscope (SEM), equipped with an Oxford In
struments X-MAX 80 energy-dispersive spectrometer (EDS) and an Ox
ford Instruments Symmetry EBSD detector, was used to examine the 
microstructure, analyse damage mechanisms, and the fracture surfaces 
of the specimens. Grain size was determined from EBSD maps using the 
AZtecCrystal software, adopting the equivalent circle diameter method, 
with a misorientation threshold set at 15◦. Utilising the EBSD detector, 
examinations were conducted over an area measuring 1500 × 2000 μm². 
In-depth TEM analysis of dislocation structures was carried out by a 
JEOL JEM-2100F, which is equipped with a bright field detector and a 
high-angle annular-dark field detector, enabling detailed observations 
in scanning transmission electron microscopy (STEM) mode. The 
selected area electron diffraction patterns were acquired using a Thermo 
Scientific Talos F200i. For the evaluation of dislocation density in 
fatigued samples, the local foil thickness was determined from conver
gent beam electron diffraction (CBED) patterns acquired in STEM mode. 
To verify the measured crystallographic distances, X-ray powder 

diffraction was employed. Diffraction patterns were collected in a 2θ 
range from 30◦ to 120◦ with a step size of approximately 0.05◦, using 
Bragg-Brentano geometry in reflection mode on a PanAnalytical 
Empyrean diffractometer equipped with a Co Kα X-ray source.

3. Results

3.1. Initial state

The microstructure of the investigated C263 superalloy consists of a 
matrix formed by a face-centred cubic γ-phase M23C6 carbides (Fig. 3a), 
MC-type carbides (Figs. 3a, b) and coherent γ' precipitates (Fig. 3c). 
Carbides of the M23C6 type, where M is typically Cr and Mo, decorate 
grain boundaries (Fig. 3a). These carbides were not observed outside 
grain boundaries, in contrast to MC carbides. MC carbides, where M 
corresponds to elements Mo and Ti (Figs. 3a, b), can be found either as 
sharp particles with sizes ranging from 100 to 400 nm (Fig. 3b) or as 
finely dispersed phases along the grain boundaries (Fig. 3a). A charac
teristic feature of MC carbides is the local depletion of Ti in the sur
rounding matrix and therefore no γ′ can be observed in the vicinity of 
these carbides. This depletion is evident in both Fig. 3a and Fig. 3b. The 
γ′ nanoprecipitates range from 10 to 30 nm in size and are uniformly 
distributed within the matrix. Elemental maps confirm an increased 
concentration of Ni, Al, and Ti within the γ' precipitates (Fig. 3c), 
whereas Co and Cr are concentrated in the channels between the pre
cipitates (Fig. 3c). Stacking faults were observed in the initial state of the 
material, as shown in Fig. 3d, as well as a negligible number of dislo
cations. The C263 superalloy predominantly consists of polyhedral 
grains, though the IPF-coloured EBSD map (Fig. 3e) also reveals grains 
elongated along the rolling direction. However, these grains are rather 
isolated, and the structure does not show significant hot-rolling artefacts 
such as flattened grains. The IPF images (Fig. 3f) indicate a weak crys
tallographic texture, with a maximum texture intensity of 2.44 multiples 

Fig. 1. (a) Schematic drawing of the cylindrical fatigue specimen used for TMF and IF testing, lengths in mm; (b) smooth surface of C263 alloy treated by electrolytic 
polishing with observable polyhedral grains and annealing twins.

Fig. 2. Thermomechanical Loading cycles (Strain/time dependence) during (a) TMF-IP; (b) TMF-OP.
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Fig. 3. Microstructural characterisation of C263 nickel-based superalloy (a) STEM micrograph of grain boundary with EDS maps highlighting MC and M23C6 
carbides; (b) STEM micrograph with EDS maps of matrix with MC carbides; (c) detail of spherical precipitates γ′ with corresponding EDS maps; (d) STEM micrograph 
of stacking faults; (e) EBSD grain orientation macrograph of bimodal distribution of grain size; (f) IPFX images.
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of uniform distribution (MUD). The material contains numerous 
annealing twins, which are characteristic of recrystallisation during 
annealing in low stacking fault energy materials, such as alloy C263. 
Within individual grains, both complete and incomplete annealing twins 
can be observed, featuring both coherent and incoherent boundaries. 
The average grain size is 50 µm ± 49 µm.

3.2. Lifetime results

Fig. 4a displays the relationship between total mechanical strain 
amplitude (εa, mech) and fatigue lifetimes (Nf) of samples under TMF-IP, 
TMF-OP, and IF loading. The results are compared with findings from IF 
studies with lower cycle periods performed by Zhang and Knowles [18] 
and Dinesh et al. [30]. The total mechanical strain was chosen for each 
loading mode to achieve a similar range of lifetimes, with εa, mech of 
0.5% and 0.4% applied for all testing conditions. The TMF-IP mode 
emerged as the most detrimental, exhibiting the shortest lifetimes. 
However, as the εa, mech decreases, the curves approach each other, and 
at low strain amplitudes, the IF fatigue curve intersects with the TMF-IP 
curve, showing similar lifetimes. The IF lifetime curve reported by 
Dinesh et al. [30] exhibits a slightly lower slope and generally higher 
lifetimes than the IF tests conducted in this study; with both trends 
intersecting at very high strain amplitudes. The IF curve from Zhang and 
Knowles [18] differs significantly from both aforementioned life curves, 
as it has a considerably different slope, and the fatigue lifetimes lie be
tween those of TMF-OP and TMF-IP tests from this study. Taking into 
account the inherent statistical variance of the fatigue data, combining 
the data from [18,30] can produce a single IF life curve that exhibits a 
higher fatigue life than any of the data obtained in this work. Fig. 4b 
depicts the relationship between plastic strain amplitude (evaluated as 
half of the width of the hysteresis loop at mean stress levels) at half of the 

lifetime against the number of cycles until fracture using a bilogarithmic 
scale, with the experimental data fitted according to Eq. (2). In this Eq., 
έf represents the fatigue ductility coefficient, and c is the fatigue 
ductility exponent. Original data in Fig. 4b are supplemented by the 
Manson coffin curve from literature [30]. The coefficients estimated 
through a least squares method, based on Eq. (2), are presented in 
Table 2. There is a clear order of lifetimes (TMF-IP<TMF-OP<IF) in the 
Manson-Coffin plot, while for the total mechanical strain amplitude, the 
curves intersect and appear to unite at lower amplitudes. Fig. 4c depicts 
the relationship between stress amplitude and the number of cycles until 
fracture. In Fig. 4c, the order of lifetime is IF<TMF-IP<TMF-OP. The 
coefficients for the Basquin curve are estimated in Table 2 based on Eq. 
(3). Both Eqs. (2) and (3) were evaluated using parameters obtained 
from the hysteresis loop at half of the fatigue lifetime, which represents 
the stabilised cyclic response. 

logεa, pl = clog
(
2Nf

)
+ log

(
εfʹ
)

(2) 

logσa = blog
(
2Nf

)
+ log

(
σfʹ

)
(3) 

Fig. 4. Fatigue life curves of C263 nickel-based superalloy cycled under IF, TMF-IP, and TMF-OP conditions (a) mechanical strain amplitude vs number of cycles to 
failure; (b) Manson-Coffin representation; (c) Basquin representation.

Table 2 
Calculated parameters for Manson Coffin fatigue curves of C263 superalloy 
under IF and TMF loading. (*recalculated).

Parameter IF TMF-IP TMF-OP IF [30]

έf ( − ) 0.46 0.32 0.19 0.49
c (-) -0.71 -0.83 -0.68 -0.72
σf́ (MPa) 14675 1092 2663 1367*
b (-) -0.52 -0.10 -0.19 -0.11*
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3.3. Cyclic deformation behaviour

Fig. 5 shows stress-strain hysteresis loops recorded in the first, tenth 
cycle, and at half of the fatigue life (Nf/2). In the high-temperature part 
of a cycle, the maximum/minimum stress (σmax

i /σmin
i ) is reached before 

the maximum/minimum strain value (εmax
i / εmin

i ) of a strain-controlled 
IP TMF and OP TMF cycle, respectively (Fig. 5a, Fig. 5b). The phe
nomenon is typical for TMF and related to increasing temperature and 
thus decreasing resistance of the material to imposed stress. This is 
caused by incipient creep mechanisms activated at elevated tempera
tures, sometimes referred to as dynamic relaxation. Serrated flow is 
observed in the low-temperature part of the cycle regardless of the phase 
shift. In the case of the TMF-IP cycle, the serrated plastic flow occurred 
in the compression segment of the hysteresis loop, as shown in Fig. 5a. 
Conversely, under TMF-OP loading, the serrations were present in the 
tensile part of the hysteresis loop. Serrated plastic flow is not observed 
under IF loading (Fig. 5c) and at low strain amplitudes. During TMF 
cycling, the hysteresis loops shift along the stress axis; reflecting the 
evolution of mean stress (σm) toward compressive values under the TMF- 
IP case (see Fig. 5a, d – dashed lines), and towards the tensile regime in 
the OP (see Fig. 5b – dashed lines) case.

Table 3 outlines the cycle count at which the serrated plastic flow 
ceases. It shows that serrated plastic flow, defined by stress drops greater 
than 5 MPa [10], occurs in every cycle until failure for εa, mech greater 
than 0.5%. As εa, mech decreases, the serrated plastic flow starts to fade 
away after fewer cycles. Under TMF-IP loading with εa, mech= 0.3% 
serrated yielding is not manifested at all, which corresponds to Fig. 5d.

The relationship between σa and cycle number is depicted in Fig. 6. 
Fig. 6a and Fig. 6b illustrate that the degree of hardening in TMF-IP and 
TMF-OP cycles is substantially greater than during isothermal fatigue 
(Fig. 6c). Among all conditions at the same strain amplitude levels, TMF- 

OP exhibits the highest stress amplitudes, followed by TMF-IP and IF 
cycles.

Both TMF-IP and TMF-OP cycling lead to a similar stress amplitude 
development consisting of an initial strengthening followed by satura
tion, after which it decreases due to incipient cracking. In IF cycles, there 
is initial hardening within the first few cycles, followed by a gradual 
softening until crack initiation.

Cyclic stress-strain curves showing the dependence between σa and 
εap can be seen in Fig. 7. The plot highlights the significant decrease in σa 
for IF-tested samples, corresponding to the cyclic softening observed in 
Fig. 6c. Additionally, the IF-tested samples exhibit a notably higher εap 
than those tested under TMF conditions. Experimental data are fitted 
with the following Eq. (3), where K' represents the fatigue hardening 

Fig. 5. Recorded hysteresis loops for 1st, 10th, and Nf/2 cycles of C263 alloy loaded under (a) TMF-IP with εa, mech = 0.5%; (b) TMF-OP with εa, mech = 0.5%; (c) IF 
with εa, mech = 0.5%; (d) TMF-IP with εa, mech = 0.3%.

Table 3 
The occurrence of serrated plastic flow under TMF loading for various me
chanical strain amplitudes. The values for plastic strain amplitude εa, pl and 
stress amplitude σa correspond to the cycle at half of the lifetime.

Loading 
mode

εa, mech 

(%)
εa, pl 

(%)
σa 

(MPa)
Nf (-) Last cycle showing serrated 

flow in T=300-400◦C

TMF-IP 0.5 0.18 597 266 Nf

TMF-IP 0.4 0.09 540 721 221
TMF-IP 0.35 0.06 505 751 102
TMF-IP 0.3 0.03 483 2249 n/a
TMF-OP 0.6 0.23 758 342 Nf

TMF-OP 0.5 0.16 685 474 Nf

TMF-OP 0.4 0.09 620 1025 360
TMF-OP 0.35 0.08 547 1608 118
IF 0.7 0.42 484 381 n/a
IF 0.5 0.25 436 619 n/a
IF 0.4 0.21 313 661 n/a
IF 0.35 0.20 293 1050 n/a
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coefficient of the cyclic stress-strain curve, and n' is the fatigue hard
ening exponent of the cyclic stress-strain curve. The parameters of this 

dependence for specimens tested at TMF-IP, TMF-OP, and IF conditions 
are shown in Table 4. 

logσa = ń log
(
εap

)
+ log (Ḱ ) (4) 

3.4. Fractographic analysis

Fig. 8 presents the fracture surfaces of cyclically strained C263 su
peralloy under TMF-IP (Fig. 8a-c), TMF-OP (Fig. 8d-f), and IF (Fig. 8g-i) 
loading conditions. The fracture surfaces observed after IF and both TMF 
loadings display multiple crack initiation sites originating from the 
specimen surface, as illustrated by the overview images in Fig. 8a, d, and 
g. Under TMF-IP loading (Fig. 8b), the fracture surface exhibits clear 
intergranular crack propagation, as indicated by the presence of grain 
boundary facets and a secondary crack propagating between them. In 
contrast, the TMF-OP specimen (Fig. 8e) shows predominantly trans
granular fatigue cracking, characterised by well-defined striations. 
Deformation twins are visible in the microstructure shown in Fig. 8f. For 
the IF condition, both transgranular cracking with visible striations 
(Fig. 8h) and intergranular crack propagation (Fig. 8i) are observed, 
suggesting a mixed-mode fatigue fracture mechanism. The correspond
ing EBSD maps for TMF-IP (Fig. 8c), TMF-OP (Fig. 8f), and IF (Fig. 8i), 
taken from longitudinal sections (parallel to loading direction within the 
gauge length), reveal areas of dynamic recrystallisation with very fine 
grains (<1 µm) formed along the boundaries of larger grains (50–200 
µm). Although the TMF-OP specimen exhibits mainly transgranular 
cracking (Fig. 8f), there are local transitions to intergranular cracking, 
likely promoted by the presence of fine grains, similar to the behaviour 
observed under IF loading (Fig. 8i).

Fig. 6. Softening/hardening curves in conditions of (a) TMF-IP; (b) TMF-OP; (c) IF.

Fig. 7. Cyclic stress-strain curves of C263 cycled in conditions of TMF-IP, TMF- 
OP, and IF.

Table 4 
Calculated parameters for cyclic stress-strain curves of C263 superalloy 
(recalculated*).

Parameter IF TMF-IP TMF-OP IF [30]

K (MPa) 16596 1271 4039 2156*
ń (-) 0.64 0.12 0.28 0.28*
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3.5. Microstructural analysis

The internal microstructure of specimens subjected to TMF-IP 
captured via TEM is illustrated in Fig. 9a-c. Fig. 9a shows the occur
rence of micro-twins, further proved by the selected area electron 
diffraction (SAED) pattern. Micro-twins were not observed in the initial 
state but predominantly appeared in materials tested under TMF-IP and 
TMF-OP conditions, indicating their formation during testing. The pre
dominant mechanism of dislocation interaction with fine Ni3(Ti, Al) 
precipitates is identified as dislocation bowing, a typical strengthening 
mechanism in alloys with precipitates, showcased in Fig. 9a and b. This 
mechanism was similarly observed in specimens after TMF-OP loading, 
shown in Fig. 9e and f. In Fig. 9d, the dislocations that formed during 
TMF-OP testing organise into a substructure, indicating a significantly 
elevated dislocation density in specimens cycled under TMF-OP condi
tions. A characteristic feature observed in TMF-OP specimens is the 
formation of dislocation tangles, closely examined in Fig. 9e.

Although infrequent, some stacking fault tetrahedra are present, as 
seen in Fig. 9f. In contrast, the IF-tested samples exhibited a completely 
different dislocation structure, primarily consisting of stacking faults 
(Fig. 9g, i) aligned along {111} slip planes and single dislocation lines 
bowing or bypassing Ni3(Ti, Al) precipitates, as depicted in Fig. 9h, i. 
Following all the loading cycles at εa, mech = 0.5%, the size difference of 
the Ni3(Ti, Al) precipitates is insignificant in comparison to the reference 
state (Fig. 3c).

Persistent slip bands (Fig. 8f) were observed in both TMF-IP and 
TMF-OP loaded samples. The main difference is in the distribution and 
density of dislocations and, therefore, the size of slip bands. Fig. 10
displays representative micrographs for all three loading conditions 
captured at two total mechanical strain amplitudes, 0.5% and 0.35%: 
TMF-IP (Fig. 10a, d), TMF-OP (Fig. 10b, e), and IF (Fig. 10c, f). The 
corresponding dislocation densities were measured using the method 
described in [36], and the thickness of the TEM foil was obtained from 
the CBED pattern by the two-beam condition, as reported in [37]. The 

Fig. 8. Fractographical analysis of samples tested with εₐ, mech = 0.5% (a) Fractured surface after exposure to TMF-IP loading; (b) detail of the fracture surface from 
Fig. 8a; (c) EBSD map of the longitudinal section of the TMF-IP loaded specimen; (d) fractured surface after exposure to TMF-OP loading; (e) detail of the fracture 
surface from Fig. 8d; (f) EBSD map of the longitudinal section of the TMF-OP loaded specimen; (g) fractured surface after exposure to IF loading; (h) detail of the 
fracture surface from Fig. 8g; (i) EBSD map of the longitudinal section of the IF loaded specimen.
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dislocation density (DD) was evaluated using three separate micro
graphs for each loading condition. In each image, dislocations were 
quantified by counting their intersections with a grid of five vertical and 
five horizontal lines. The highest dislocation density of all three loading 
conditions was measured in TMF-OP, and the lowest in the IF tested 
specimens. In IF-tested specimens, the Shockley partials originally 
forming the stacking fault under cyclic straining with εa, mech = 0.5% 
(Fig. 10c) start to decorrelate. This decorrelation was more prominent at 
εa, mech = 0.35 (Fig. 10f). At εₐ, mech = 0.35% (Fig. 10f), the precipitates 
also exhibit noticeable coarsening, with their size increasing from an 
initial 10-30 nm to more than 60 nm on average.

4. Discussion

4.1. Microstructure and deformation

The cyclic response of the C263 nickel-based superalloy is influenced 
by its initial microstructure (Fig. 3), the applied loading mode, and the 
evolution of the dislocation substructure during TMF and isothermal IF 

fatigue (Fig. 9 and Fig. 10). Both TMF-IP and TMF-OP loading modes 
exhibited an initial hardening phase followed by saturation (Fig. 6a, b). 
However, there are several distinctions. For a comparable mechanical 
strain amplitude (e.g.0.5%), the TMF-OP test produced a stress ampli
tude approximately 100 MPa higher than that observed under TMF-IP 
conditions, highlighting the pronounced role of the loading phase on 
cyclic behaviour. Generally, the key contributing factors to the cyclic 
strengthening of nickel-based alloys are dislocation multiplication, 
dislocation interactions, and dislocation-precipitate interactions, as 
described by several authors [17,29,30]. Dislocation density evaluation 
for selected mechanical strain amplitudes of 0.5% and 0.35% (Fig. 10) 
showed that the TMF-OP condition consistently exhibited a higher 
dislocation density than the TMF-IP condition. This aligns with higher 
measured stresses in TMF-OP tested samples (Fig. 6a, b). The different 
deformation behaviour between TMF-OP and TMF-IP tested specimens 
was observed in other studies [16,38]. Higher cyclic stresses under 
TMF-OP are an effect of phase angle as explained by Mackay and Sangid 
[39] via crystal plasticity modelling on coarse grained polycrystalline 
nickel-based superalloy. Under TMF-IP loading, when the maximum 

Fig. 9. STEM micrographs of micro- and nanostructural features observed in samples loaded with εₐ, mech = 0.5%:(a) Deformation twins;(b) Detail of dislocation 
interaction; (c) SAED pattern of twins; (d) Dislocation substructure; (e) Dislocation tangles; (f) Stacking fault tetrahedron; (g) Multiple stacking faults; (h) Interaction 
of dislocation with precipitate; (i) Detail of stacking fault.
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tensile load occurs at maximum temperature, reducing plastic flow 
stress and material stiffness lead to lower damage. Unlike the TMF-OP 
loading, when maximum tensile loading occurs at minimum tempera
ture, stiffness and slip resistance, leading to higher micromechanical 
stress, greater slip system activity, a lower grain strength to stiffness 
ratio, and higher geometrically necessary dislocation density, which 
work well with experimental observations (Fig. 10). Other influencing 
factor is tension/compression asymmetry of yield and creep strength in 
nickel-based superalloys, not directly discussed in Mackay's et al. work 
[39]. Although C263 is polycrystalline, the presence of <111> texture 
with MUD > 2.4 (Fig. 3f) suggests that orientation-dependent asym
metry may develop, similar to that reported in single-crystal alloys by 
Tsuno et al. [40]. Tsuno et al. [40] investigated the differences in yield 
and creep strength development in tension and compression of 4 single 
crystal nickel-based superalloys within the range up to 900◦C and 
attributed the tension/compression asymmetry to the directional for
mation of microtwins associated with the presence of stacking faults 
[40]. In our work, stacking faults were clearly observed in the initial 
condition (Fig. 3d) but were absent after TMF testing. At the same time, 
microtwins were present (Fig. 8f and Fig. 9b) only after TMF testing. A 
stacking fault to microtwin transformation pathway was proposed by 
Unocic et al. [41], who suggested that matrix-initiated intrinsic stacking 
faults formed by the decorrelation of a/2〈110〉 dislocations can, through 
repeated cross-slip and dissociation events, generate superlattice 
extrinsic stacking faults in the γ′ phase via reorder-mediated shearing, 
which subsequently thicken the stacking fault into a microtwin. This 
statement also aligns with more recent high-resolution STEM observa
tions [42], which provided direct atomic-scale evidence of transitional 
structures between superlattice extrinsic stacking faults and microtwins 
entirely within the γ′ phase, validating the Kolbe [43] atomic rear
rangement mechanism. Taken together, these findings support the 
interpretation that, under TMF loading, the stacking faults present in the 
initial microstructure can evolve into microtwins via sequential Shock
ley partial dislocation shearing, thereby linking the observed micro
structural state to the tension/compression asymmetry mechanism 
investigated by [40] and observed in the different stress-strain response 

under TMF-OP and TMF-IP loading (Fig. 6a, b). The evolution of 
stacking faults into microtwins reduces the effectiveness of γ′ as obsta
cles, since twin propagation allows cooperative shearing of both γ and γ′ 
phases and provides a low-energy pathway for dislocation motion [41]. 
This facilitates localised deformation and promotes cyclic softening.

The development of the dislocation substructure varied significantly 
between TMF and IF tested specimens. The early stage of hardening in IF 
and TMF, shown in Fig. 6a, b, can be attributed to dislocation multi
plication, dislocation-precipitate interaction, and the formation of dense 
dislocation tangles (Fig. 8) [44]. Another contributing strengthening 
mechanism commonly linked with a higher degree of hardening is DSA 
[45], which was observed under TMF loading (see hysteresis loops in 
Fig. 5a, b). These mechanisms increase internal resistance to plastic 
deformation. After the initial hardening, in the TMF tested specimen, the 
dislocation substructure rearranges, leading to the formation of 
dislocation-rich slip bands (Fig. 10a, b) and (Fig. 10d, e), observed also 
in [46,47]. In TMF tested polycrystalline C263, the formation of dislo
cation substructures (Fig. 9d) subdivides grains into microvolumes with 
different critical internal stresses. As shown by Polák and Šulák [48], an 
increasing fraction of plasticised microvolumes contributes to an in
crease in the macroscopic effective stress. The high dislocation densities 
observed in Fig. 10a–d are consistent with this interpretation and 
correlate with the elevated stress response during TMF. However, 
dislocation reorganisation leads to a redistribution of cyclic plastic 
strain, with dislocations preferentially gliding in the relatively soft 
persistent slip bands, thereby promoting cyclic softening [49,50]. 
Additionally, comparison of the initial microstructure (Fig. 3d) with the 
post-test microstructures (Fig. 9a–f) shows that the initially present 
stacking faults disappear. The combined effects of PSB formation, 
Shockley pair recombination, and subsequent annihilation act to coun
terbalance the hardening mechanisms associated with dis
location–precipitate interactions, dislocation entanglements, and 
dislocation interaction with planar faults. This interplay results in the 
saturation stage observed in the cyclic stress amplitude response during 
TMF loading (Fig. 6a, b). Unlike the TMF tested specimens, the IF tested 
specimens, after initial hardening, exhibited gradual softening over the 

Fig. 10. STEM micrographs of dislocation structures (DD - Dislocation density is in 1014 m-2) (a) TMF-OP, εa, mech = 0.5% (b) TMF-IP, εa, mech = 0.5%; (c) IF, εa, mech 
= 0.5%; (d) TMF- OP, εa, mech = 0.35%; e) TMF-IP, εa, mech = 0.35%; (f) IF, εa, mech = 0.35%.
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majority of the fatigue life, which is shown in Fig. 6c. It can be attributed 
to mechanisms such as dislocation climb, dislocation annihilation, and 
possible precipitate shearing (Fig. 9h) as also observed in Superni C263 
in [30], and results in the lowest dislocation density among all employed 
loading cycles (Fig. 10). At lower strain amplitudes under IF loading, 
precipitate coarsening was more prevalent, attributable to prolonged 
exposure at 800 ◦C. This coarsening, combined with the decorrelation of 
Shockley partial dislocations inside stacking faults (Fig. 10c, f), led to 
the shearing of γ′ precipitates, similar to that proposed in [51]. The 
shearing mechanism that occurs after Shockley partial decorrelation is a 
contributing factor to the enhanced softening observed at a strain 
amplitude of 0.35%, where decorrelation is more pronounced (Fig. 10f).

4.2. The damage and lifetime behaviour

The reduced fatigue life under TMF loading is associated primarily 
with the prevailing crack initiation and propagation mechanisms, which 
differ between TMF-IP and TMF-OP conditions [10,52]. Specimens 
exposed to the TMF-IP cycle predominantly exhibited intergranular 
cracking (Fig. 8a–c), in contrast to those tested under TMF-OP condi
tions, where fatigue fracture was mainly transgranular (Fig. 8d–f). 
Intergranular cracking is generally associated with faster crack propa
gation and consequently reduced fatigue life [53]. This is commonly 
attributed to grain boundary weakening, which may occur through 
multiple mechanisms. These include grain boundary sliding under creep 
conditions, as observed in TMF-IP tested specimens by Guth [13], and 
also oxidation-assisted grain boundary decohesion [54], and the inter
action of persistent slip bands with grain boundaries, as described by 
Mughrabi and Polák [55,56]. Evidence of wedge-type intergranular 
cracking, often linked to creep damage [57], is visible in the TMF-IP 
specimens (Fig. 8c), indicating that time-dependent deformation con
tributes to crack initiation and early crack propagation. This behaviour 
is consistent with the thermomechanical loading condition, where the 
maximum temperature coincides with maximum tensile strain, pro
moting creep deformation and grain boundary weakening, thereby 
facilitating intergranular crack propagation and shorter fatigue life. In 
contrast, TMF-OP specimens did not show typical features of creep 
damage but rather signs of oxidation-assisted crack initiation at the 
specimen surface. This is particularly evident in Fig. 11, where the crack 
appears to initiate from oxidised persistent slip marking, supporting the 
role of environmental effects during the tensile phase of the TMF-OP 
cycle. This observation is consistent with the findings of Petráš [9,52] 

who attributed crack initiation under TMF-OP conditions to cracking of 
a thick surface oxide layer, with repeated localised oxidation and oxide 
cracking leading to transgranular crack growth. The relative contribu
tions of crack initiation and propagation to total fatigue life are not 
universal but depend on the material, loading conditions, and environ
mental effects. In high-temperature fatigue, especially under LCF [58] 
and TMF [59] conditions, a substantial part of fatigue life may be 
associated with the growth of short cracks.

Dynamic recrystallisation was observed in the form of very fine grain 
nucleation along grain boundaries in TMF-OP (Fig. 8f), TMF-IP (Fig. 8c), 
and also in IF (Fig. 8i) tested specimens, whereas such features were 
absent in the initial state. This phenomenon is consistent with local 
grain-boundary bulging previously reported for Ni–Cr alloys [60]. 
Dislocation cell structures develop preferentially along grain boundaries 
(Fig. 12c), where progressive recovery promotes subgrain formation, 
which subsequently evolves into fine recrystallised grains (Fig. 12d). 
These recrystallised grains remain localised near the boundaries 
(Fig. 12a, b). Moreover, high stress concentrations ahead of crack tips 
promote rapid dislocation cell formation and accelerate subgrain 
development and local recrystallisation (Fig. 12b), consistent with ob
servations reported by Polák et al. [61]. In nickel-based superalloys, 
multiple authors have reported dynamic recrystallisation [62,63], 
though often due to high-temperature exposure during post-deformation 
heat treatment rather than under in-service mechanical loading. Under 
IF conditions, dynamic recrystallisation was recently reported for ODS 
steel exposed to fatigue loading at 1000 ◦C and 1200 ◦C [64]. Moverare 
[65] demonstrated that in the single-crystal superalloy CMSX-4, 
recrystallisation can occur under TMF-OP cycling between 100–1000 
◦C. In both cases, this process was driven by cyclic plastic deformation 
and the associated recovery mechanisms at high temperature. In 
contrast to these studies, dynamic recrystallisation was observed in the 
present work in the polycrystalline nickel-based superalloy C263 at 
comparatively lower temperatures, with a maximum temperature of 800 
◦C. This behaviour can be partly attributed to the relatively low volume 
fraction of γ′ precipitates in C263, which was estimated to be approxi
mately 10 % up to 800 ◦C [66], in contrast to high-γ′ superalloys such as 
CMSX-4 [67] or CM247LC [68]. γ′ precipitates act as effective obstacles 
to dislocation motion. Therefore, a high precipitate volume fraction 
increases alloy strength by restricting dislocation glide and reducing the 
extent of plastic deformation. In C263, the lower density of γ′ pre
cipitates allows a larger fraction of the imposed cyclic strain to be 
accommodated by plastic deformation. Another contributing factor may 

Fig. 11. Fatigue crack initiation from PSM under TMF-OP loading.
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be the relatively low stacking fault energy of C263 as reported by 
Galindo-Nava et al. [68]. The relatively low stacking fault energy is 
associated with the tendency of Co additions to reduce the stacking fault 
energy in Ni–Cr solid solutions [69]. Reduced stacking fault energy 
limits cross-slip and dynamic recovery, promotes planar slip, and fa
vours the localisation of cyclic plastic deformation into persistent slip 
bands. When persistent slip bands interact with grain boundaries, local 
stress concentration may facilitate fine grain nucleation. Importantly, in 
TMF-OP, dynamic recrystallisation was not confined only to crack-tip 
regions, as observed in IF and TMF-IP, but fine recrystallised grains 
were also detected along grain boundaries outside of the vicinity of 
secondary cracks (Fig. 12a, c, d). A potential explanation is that under IF 
conditions, recovery at elevated temperature promotes dislocation 
annihilation and reduces the amount of statistically stored dislocations 
in the matrix (Fig. 10c, f). As a result, dynamic recrystallisation is largely 
restricted to regions experiencing the highest plastic strain, i.e., near 
crack tips. Although the plastic strain amplitudes at half of the lifetime 
in TMF-IP were comparable to those in TMF-OP (Table 3), dynamic 
recrystallisation outside the crack-tip zone was not observed in TMF-IP. 
It is hypothesised that in TMF-IP, the coincidence of maximum tensile 

strain with maximum temperature promotes early grain-boundary 
damage and accelerates strain localisation at crack tips. Consequently, 
the dominant fraction of cyclic plasticity is accommodated in the im
mediate vicinity of the crack tip. In contrast, in TMF-OP, the maximum 
temperature coincides with compressive loading, which suppresses 
grain-boundary opening and delays crack propagation. This condition 
prolongs the stage during which plastic deformation is distributed over a 
larger material volume, with preferential localisation in grains with high 
Schmid factors. Such conditions facilitate gradual subgrain development 
and enable dynamic recrystallisation along grain boundaries outside the 
crack-tip zone. The formation of newly recrystallised fine grains in the 
material can increase the yield strength and may contribute to the 
pronounced strengthening observed in Fig. 6b via grain-boundary 
strengthening from grain refinement, as expressed by the Hall–Petch 
Eq., and confirmed by Hadraba et al. [70] to remain applicable even for 
bimodal microstructures. Although recrystallisation is more prominent 
in TMF-OP, its effect on lifetime is less severe than in IF or TMF-IP, as 
crack propagation is primarily transgranular. Nevertheless, as shown in 
Fig. 8f, although the crack is mainly transgranular, the presence of 
newly recrystallised fine grains along boundaries can locally deflect the 

Fig. 12. Dynamic recrystallization in TMF-OP tested specimen with εa, mech = 0.5%; a) EBSD grain orientation map with recrystalized grains along the grain 
boundaries; b) EBSD grain orientation map displaying recrystallization along the crack path; c) STEM micrograph of dislocation cell formation and subsequent 
nucleation within grain boundary; d) STEM micrograph of recrystallized grains.
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crack path and promote partial intergranular propagation, which may 
reduce the lifetime compared to purely transgranular cracking.

Zhang et al. [18] reported dynamic recrystallisation in C263 under 
TMF-OP loading conditions in the temperature range of 300–950 ◦C, 
supporting the hypothesis that recrystallisation during TMF testing can 
contribute to intergranular crack initiation, which aligns with findings 
in Fig. 8. The authors further demonstrated that selecting the maximum 
temperature in a TMF cycle to 950 ◦C leads to a lower lifetime during 
TMF-OP relative to TMF-IP in C263 [18], which seems to disagree with 
our results. However, this difference is likely related to the substantially 
higher maximum temperature used in [18]. At temperatures 
approaching 900–950 ◦C, the strengthening effect of γ′ precipitates is 
reduced due to their gradual dissolution, while carbides may partially 
dissolve and coarsen [33], reducing their ability to pin grain boundaries 
and suppress creep-related deformation. As a result, creep-assisted 
damage and oxidation become markedly more pronounced at 950 ◦C 
than at 800 ◦C, which can promote severe surface degradation and 
extensive intergranular cracking during the tensile half-cycle of TMF-OP 
loading. Moreover, the statistical scatter inherent in TMF data, as well as 
the limitations of testing only a single specimen per condition and 
different strain rates, should be carefully considered.

The Manson–Coffin curve (Fig. 4b) indicates a higher plastic strain 
contribution in the C263 specimen tested at 800 ◦C, while the Basquin 
curve (Fig. 4c) demonstrates a pronounced reduction in fatigue life at 
the lowest strain amplitude levels compared with [30]. This reduction 
can be attributed to the temperature-dependent decrease in the critical 
resolved shear stress, which facilitates dislocation climb and cross-slip. 
Comparing our results with those of Zhang and Knowles [18] and 
Dinesh et al. [30] shows that the cycle period is an important lifetime 
factor. This study applied a loading cycle with a period of 100 s, while 
[30] used 5-20 s and [18] employed the shortest period of 4s. The IF life 
curve obtained in this work (Fig. 4a) exhibits the steepest slope, fol
lowed by that from [30], with [18] showing the shallowest. Clearly, the 
slope steepness correlates with increasing cycle period. Such frequency 
sensitivity has been observed in other nickel-based alloys. Organ et al. 
[71] reported that for wrought Udimet 700 tested at 760 ◦C, fatigue life 
was highest at cycle period T = 0.1 s and decreased at higher cycle 
periods T > 60 s, primarily due to enhanced creep and oxidation at grain 
boundaries. Low-frequency cycling promoted intergranular crack initi
ation at surface-connected grain boundaries, followed by crack propa
gation along weakened paths. Similarly, Tsuji and Kondo [72] 
demonstrated that in Hastelloy X and XR tested at 900 ◦C, a slower strain 
rate led to a marked decrease in fatigue life due to creep-assisted 
intergranular crack initiation and cavity formation along grain bound
aries. A similar trend was confirmed in MAR-247 by Šulák et al. [73], 
where lower strain rates reduced fatigue life and also shifted the crack 
propagation mechanism from transgranular to a mixed transgranular 
and intergranular mode. Under IF loading, a mixed transgranular and 
intergranular fracture mode of fatigue crack propagation was observed 
(Fig. 8), in contrast to the predominantly transgranular cracking re
ported by Zhang and Knowles [18]. The mixed mode of cracking can be 
attributed to the significantly longer cycle period applied in the present 
study, which promotes time-dependent damage. However, the purely 
intergranular cracking reported by Dinesh et al. [30] cannot be ration
alised by the cycle period effect, as their cycle period was substantially 
shorter. A key difference may lie in different manufacturing procedures 
and the Mo content, which is approximately 0.8 wt.% lower in 
Superni-263. This reduced Mo content may render grain boundaries 
more susceptible to creep damage, considering that Mo contributes to 
the formation and stability of M₂₃C₆ carbides along grain boundaries 
(Fig. 3a).

5. Conclusion

This study provides microstructural and fractographical analysis of 
the polycrystalline nickel-based superalloy C263 cyclically loaded under 

TMF-IP, TMF-OP loading in the temperature range of 300-800◦C, and 
under IF loading at the constant temperature of 800◦C. The following 
conclusions can be drawn: 

1. The fatigue life of the C263 superalloy followed the order TMF-OP 
> IF > TMF-IP, with the shortest life in TMF-IP attributed to the 
damaging coincidence of peak strain and peak temperature. The 
observed lifetime ranking reflects the dominant crack propagation 
modes: transgranular in TMF-OP, mixed transgranular–intergranular 
in IF, and predominantly intergranular in TMF-IP, the latter being 
the most detrimental.
2. The stress amplitudes under OP-loading exceed those for IP- 
loading, since the yield strength at maximum temperature is higher 
under compressive loading than under tensile loading. This ten
sion–compression asymmetry may be related to a slight 〈111〉 texture 
and can be further enhanced by recrystallisation of fine grains during 
cycling.
3. Dynamic recrystallisation occurred during both TMF and IF 
cycling. At high stress amplitudes, dislocation reorganisation pro
moted subgrain formation and the nucleation of new grains, most 
prominently under TMF-OP, while stresses under the crack-tip 
further accelerated recrystallisation. The newly generated grain 
boundaries offer a preferred crack path under TMF-IP and IF loading, 
presumably reducing the lifetime.
4. The softening mechanism of C263 alloy under isothermal fatigue 
at 800 ◦C was linked to the lowest dislocation density among all 
loading modes, attributed to mechanisms such as dislocation climb, 
annihilation, and γ′ precipitate shearing. At lower strain amplitudes, 
prolonged high-temperature exposure promoted γ′ coarsening and 
the decorrelation of Shockley partials inside pre-existing stacking 
faults, further facilitating precipitate shearing.
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Commission, in: C. Rinaldi (Ed.), Validated code-of-practice for strain-controlled 
thermo-mechanical fatigue testing, Publications Office, Luxembourg, 2006.

[36] Y. Meng, X. Ju, X. Yang, The measurement of the dislocation density using TEM, 
Mater. Charact. 175 (2021) 111065, https://doi.org/10.1016/j. 
matchar.2021.111065.

[37] Y.-U. Heo, Comparative study on the specimen thickness measurement using EELS 
and CBED methods, Appl. Microsc. 50 (2020) 8, https://doi.org/10.1186/s42649- 
020-00029-4.

[38] V.H. Dao, H.S. Yun, J.S. Koo, P. Jaeyeong, S.H. Nahm, Experimental investigation 
of thermomechanical fatigue behavior in directionally solidified Ni-based 
superalloy under in-phase and out-of-phase conditions, J. Alloys Compd. 990 
(2024) 174430, https://doi.org/10.1016/j.jallcom.2024.174430.

[39] B.T. Mackey, M.D. Sangid, Phasing effects on thermo-mechanical fatigue damage 
investigated via crystal plasticity modeling, Mater. Sci. Eng.: A 903 (2024) 146642, 
https://doi.org/10.1016/j.msea.2024.146642.

[40] N. Tsuno, S. Shimabayashi, K. Kakehi, C.M.F. Rae, R.C. Reed, Tension/compression 
asymmetry in yield and creep strengths of Ni-based superalloys, Superalloys (2008) 
433–442.

[41] R.R. Unocic, N. Zhou, L. Kovarik, C. Shen, Y. Wang, M.J. Mills, Dislocation 
decorrelation and relationship to deformation microtwins during creep of a γ′ 
precipitate strengthened Ni-based superalloy, Acta Mater. 59 (2011) 7325–7339, 
https://doi.org/10.1016/j.actamat.2011.07.069.

[42] X. Li, H. Zhang, J. Jia, J. Liu, Y. Zhang, A twinning mechanism: Direct observation 
of the transition from stacking faults to Microtwins, Scr. Mater. 267 (2025) 
116803, https://doi.org/10.1016/j.scriptamat.2025.116803.

[43] M. Kolbe, The high temperature decrease of the critical resolved shear stress in 
nickel-base superalloys, Mater. Sci. Eng.: A 319–321 (2001) 383–387, https://doi. 
org/10.1016/S0921-5093(01)00944-3.

[44] R.E. Stoltz, A.G. Pineau, Dislocation-precipitate interaction and cyclic stress-strain 
behavior of a γ′ strengthened superalloy, Mater. Sci. Eng. 34 (1978) 275–284, 
https://doi.org/10.1016/0025-5416(78)90060-5.

[45] Ch.V. Rao, N.C.S. Srinivas, G.V.S. Sastry, V. Singh, Dynamic strain aging, 
deformation and fracture behaviour of the nickel base superalloy Inconel 617, 
Mater. Sci. Eng.: A 742 (2019) 44–60, https://doi.org/10.1016/j. 
msea.2018.10.123.

[46] P. Yin, W. Zhang, Y. Zhang, Q. Yang, F. Liang, L. Chang, C. Zhou, Cyclic 
deformation mechanism and fracture behaviour of 316L stainless steel under 
thermomechanical fatigue loading, J. Mater. Res. Technol. 24 (2023) 4484–4499, 
https://doi.org/10.1016/j.jmrt.2023.04.113.
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