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Abstract 

We compare the low-cycle fatigue behavior of a CoCrFeMnNi high-entropy alloy at 

room-temperature (RT) and 550 °C. The cyclic response at 550 °C manifests no cyclic 

softening, presence of serrated flow and reduced fatigue life compared to that at RT. 

Microstructural investigations show that distinctly from the dominating wavy slip at RT, 

dislocations planar slip complements wavy slip at 550 °C. The unexpected planar slip 

at 550 °C is ascribed to the increase of stacking fault width, likely due to Suzuki 

segregation. Furthermore, dislocation slip mode evolution with both strain amplitude 

and cycle number at 550 °C is revealed. 

Keywords: High-entropy alloy; Fatigue; Dislocation; Transmission electron 

microscopy (TEM); Temperature. 
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1. Introduction 

Recently, unceasing endeavors have been exerted in characterizing the low-cycle 

fatigue (LCF) behavior of equiatomic CoCrFeMnNi high-entropy alloy (HEA) with face-

centered cubic (FCC) crystal structure [1-5]. These investigations were mostly 

restricted to understanding its room temperature (RT) behavior [1-5]. However, in high-

temperature engineering applications (e.g., power plants and nuclear reactors), 

structural components and/or materials are inevitably subjected to thermo-mechanical 

cyclic loads. Hence, if such applications are to be foreseen for HEAs, the 

understanding of their cyclic response at elevated temperatures becomes mandatory. 

So far, only one known study [6] has uncovered the LCF behavior of CoCrFeMnNi at 

an elevated temperature (i.e., 550 °C, which is above 0.5Tm and lies within the 

proposed operating temperature range of advanced power plants and nuclear reactors 

[7-9]). Note that, the melting temperature Tm of CoCrFeMnNi alloy lies in the range of 

1523 K to 1553 K [10]. 

It is well-established that the LCF behavior of a ductile metallic material is closely 

related to the underlying deformation mechanisms, especially the evolution of 

dislocation structures [1-5, 11-14]. For instance, at RT, the dislocation structures and 

corresponding slip mode of CoCrFeMnNi alter with both strain amplitude and cycle 

number [5]. Since preliminary LCF investigations at 550 °C were limited to 

characterizing the evolution of dislocation density [6], it still remains unclear how the 

slip mode and dislocation structures evolve with strain amplitude as well as cycle 

number at elevated temperatures. 

Furthermore, it is also important to understand the temperature influence on the 

CoCrFeMnNi’s deformation behavior, which until now has only been investigated via 

tension, compression [15, 16], and creep tests [17]. For instance, Otto et al. [15] 

investigated the temperature influence on the tensile properties and underlying 

deformation mechanisms of CoCrFeMnNi. It has been revealed that the initial plastic 

strain (i.e., up to ~ 2%) from 77 K to 873 K in CoCrFeMnNi is accommodated by planar 

slip of partial dislocations [15]. This observation suggested the prevalence of planar 

slip upon cycling CoCrFeMnNi at initial cycles [5]. Despite these efforts to understand 

the temperature influence on the monotonic deformation mechanisms [15-17], there 

exists a knowledge gap regarding its influence on the cyclic deformation mechanisms 

of CoCrFeMnNi. 
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Consequently, this work seeks to deepen the understanding of the cyclic deformation 

mechanisms of CoCrFeMnNi HEA at an elevated temperature (i.e., 550 °C). 

Furthermore, this work aims at providing first insights into temperature influence on the 

HEA’s cyclic deformation behavior. 

2. Experimental details 

The investigated equiatomic CoCrFeMnNi was synthesized by arc melting followed by 

drop-casting. The as-cast ingots were then homogenized at 1200 °C for 72 h followed 

by water quenching and rotary swaging. The LCF specimens, with a gauge diameter 

of 2 mm and a gauge length of 7.6 mm, were then fabricated from the rotary swaged 

material parallel to the longitudinal direction. Before fatigue tests, LCF specimens were 

recrystallized by annealing at 800 °C for 1 hour. Briefly, the as-recrystallized 

microstructure manifests an average grain size of ~ (6 ± 3) μm and low density of 

dislocations. For more details on the initial microstructure of the material, see Refs. [3, 

6]. 

Fully-reversed pull-to-push LCF-tests were carried out under different strain 

amplitudes with a nominal strain rate of 3×10-3 s-1 at both RT and 550 °C. In specific, 

at RT, the applied strain amplitudes include 0.3%, 0.5%, 0.6% and 0.7% (two tests per 

condition); whereas, at 550 °C, it is 0.2%, 0.3%, 0.4%, 0.5%, 0.75%, and 0.8% (one 

test per condition, due to limited amount of material). These strain amplitudes were 

chosen to ensure that the lifetime is within the LCF regime. It should be noted that, the 

cyclic stress response and lifetime of CoCrFeMnNi at RT and 550 °C, previously 

reported in Refs. [3] and [6], are reanalyzed with emphasis on exploring the underlying 

temperature influence. Despite the limited number of test at each condition, the 

scatters in cyclic stress response and lifetime are reasonable (see later Results 

section).  

To understand deformation mechanisms, the post-fractured microstructure was 

characterized by electron backscatter diffraction (EBSD) and transmission electron 

microscopy (TEM). EBSD investigations were carried out on an FEI 200 Dual-Beam 

SEM/FIB equipped with an HKL EBSD detector (for the employed parameters, see Ref. 

[6]). The acquired EBSD data were post-processed by EDAX’s OIM software to obtain 

kernel average misorientation (KAM) maps. As KAM considers only misorientations in 

a small local neighborhood within a grain, it also provides a good estimation of the local 
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geometrically necessary dislocation (GND) density [18]. In specific, higher KAM values 

correspond to higher local misorientations (i.e., higher GND density) and vice versa. 

For TEM investigations, an FEI Tecnai F20 TEM microscope was employed operating 

at an accelerating voltage of 200 kV. For EBSD and TEM samples preparation, 

conventional procedures including mechanical grinding, polishing and/or twin-jet 

electro-polishing were employed, see Ref. [6]. 

3. Results 

To seek the difference in the cyclic response at different temperatures, Fig. 1a presents 

the peak tensile stress versus normalized number of cycles curves of samples tested 

at RT and 550 °C under different strain amplitudes (i.e., 0.3%, 0.5% and 0.7(5)%, 

representing low, medium and high strain amplitudes, respectively). At RT, 

CoCrFeMnNi in general shows initially cyclic hardening followed by cyclic softening 

and/or near-steady state until failure (see Fig. 1a). At 550 °C, the material generally 

exhibits cyclic hardening followed by a near-steady state until failure, except for only 

near-steady state at low strain amplitudes (≤ 0.3%, see Fig. 1a). 

In addition, Fig. 1b, c and d display the hysteresis loops of several typical cycles at 

strain amplitude of 0.3%, 0.5% and 0.7(5)% respectively, at both RT and 550 °C. 

Evidently, in contrast to continuous plastic flow at RT, serrated plastic flow is initially 

observed under medium-to-high strain amplitudes (0.5% and 0.75%) at 550 °C, see 

Fig. 1c-d. However, upon further cycling, serrations magnitude decreases and finally 

tends to be zero (Fig. 1c-d). Notably, the serrated flow was not observed at 550 °C 

under low strain amplitude (e.g., 0.3%, Fig. 1b), which may be due to limited data points 

at the plastic deformation stage. Together, these results reveal a temperature-

dependent cyclic stress response. In comparison to RT, the main differences at 550 °C 

lie in the absence of cyclic softening and the presence of serrated plastic flow.  
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Fig. 1. Comparison of (a) cyclic stress response, as well as (b-d) hysteresis loops of several 
cycles at strain amplitude of 0.3%, 0.5% and 0.7(5)%, respectively, for CoCrFeMnNi 
tested at RT and 550 °C. (b-d) include results at the 2nd cycle for RT, as well as at the 
2nd, 16th and half-life cycles for 550 °C. 

Furthermore, by plotting the saturated stress amplitude versus inelastic strain 

amplitude (obtained from half-life cycles at different strain amplitudes), the cyclic 

stress-strain relationship can be presented in Fig. 2. This relationship can be fitted by 

an empirical power-law relation (𝜎/2 ൌ 𝐾ᇱሺ୧୬/2ሻ௡ᇲ  [19], where 𝐾ᇱ  is the cyclic 

strength coefficient and 𝑛ᇱ  is the cyclic work hardening exponent). The fitted 

curves/parameters are also given in Fig. 2. Clearly, the slope of the curve (i.e., 𝑛ᇱ value) 

at 550 °C (of 0.14) is lower than that at RT (of 0.19). As suggested in Refs. [20, 21], 

the noticeable difference in 𝑛ᇱ value of different FCC alloys could reflect their different 

slip modes. Therefore, if this empirical law is valid for HEAs, different dislocation slip 

modes could be anticipated at different temperatures. This will be confirmed later by 

TEM investigations. 



 6

 

Fig. 2. Comparisons of cyclic stress-strain relationship for CoCrFeMnNi tested at RT and 
550 °C.  

The temperature influence on the fatigue life is analyzed by plotting the Manson-Coffin 

curves (୧୬/2 ൌ ᇱ୤ ሺ2𝑁୤ሻ௖ [22, 23]) and Wöhler curves, see Fig. 3a and b, respectively. 

The comparison shows that, under similar strain and stress conditions, the lifetime is 

shorter at 550 °C than that at RT (Fig. 3).  

 

Fig. 3. Comparisons of (a) Manson-Coffin plot and (b) Wöhler plot for CoCrFeMnNi tested at 
RT and 550 °C.  

To uncover the reasons for the difference in the cyclic stress response and lifetime at 

RT and 550 °C, the microstructures of post-fatigued samples were characterized by 

TEM. As discussed in detail in Ref. [5], at RT, increasing strain amplitude from 0.3% 

to 0.5% leads to the transition of dislocation structures from planar configurations (i.e., 

slip bands, SBs) to pronounced wavy substructures (e.g., walls and cells), e.g., see 
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Fig. 4. This transition is mainly related to the activation of multiple-slip and cross-slip 

at higher strain amplitudes [5]. 

 

Fig. 4 Typical dislocation structures formed in post-fatigued CoCrFeMnNi samples tested at 
RT under a (a) low, 0.3%, and (b) medium, 0.5% strain amplitude. 

Typical microstructures in post-fatigued CoCrFeMnNi samples at 550 °C and different 

strain amplitudes are shown in Fig. 5. On one hand, at low strain amplitudes (i.e., 0.2% 

and 0.3%), most grains manifest low density of planar SBs and discrete dislocations 

(see Fig. 5a-b). This observation indicates prevalent planar slip, which is similar to that 

at RT under low strain amplitude (see Fig. 4a). 

On the other hand, at 550 °C and medium-to-high strain amplitudes (0.5% and 0.75%), 

both dislocation substructures (e.g., walls separated by channels) and tangles are 

recognized (Fig. 5c-f). Among them, the substructures formation at 550 °C (Fig. 5d, f) 

is analogous to the main wavy features at RT (Fig. 4b), indicating multiple slip and 

wavy slip activation. Nevertheless, the tangles are distinct from the main wavy features 

at RT. This is because they are found to consist of partial dislocations with in-between 

SFs (Fig. 5e), suggesting active planar slip. 
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Fig. 5. Typical dislocation structures observed in CoCrFeMnNi samples tested at 550 °C and 
(a-b) 0.2%, (c-d) 0.5% as well as (e-f) 0.75% strain amplitude. All figures are bright-field 
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TEM micrographs, except for a weak-beam dark-fried micrograph in the inset of (e) 
illustrating partial dislocations with in-between stacking faults (SFs). The SF width in the 

inset of (e) is estimated to be ~ 5 nm. (d) is reproduced here from Ref. [6]. 

In comparison to RT, the coexisting planar slip (i.e., tangles) at 550 °C suggests a 

reduced extent of wavy substructures formation (i.e., dynamic recovery). In other 

words, the propensity of dynamic recovery is lower at 550 °C as compared to RT. This 

can be further supported by the higher EBSD-based KAM values at 550 °C as than 

that at RT (see Fig. 6a-b, indicated by more green data points in (b) than that in (a)). 

The higher KAM values represent higher GND densities at 550 °C than that at RT, 

consistent with the observation in [24]. 

 

Fig. 6. KAM maps acquired from EBSD scanning for CoCrFeMnNi samples tested under 0.5% 
strain amplitude at (a) RT and (b) 550 °C. The average KAM values at 550 °C (b) are 
higher than those at RT(a), indicated by more green data points in (b). 

4. Discussion 

4.1. Evolution of deformation mode 

Based on TEM analyses, this study reveals dislocation’s slip mode evolution with strain 

amplitude and cycle number at 550 °C, as illustrated in Fig. 7. The results at RT are 

also included for later comparison. 
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Fig. 7. Schematic illustration of dislocation slip mode evolution with strain amplitude, cycle 
number and temperature. The planar slip at initial cycles is valid for both RT and 550 °C. 

Firstly, the prevalent planar slip was recognized during initial cycles at different 

temperatures [5, 15]. Along with the current TEM observations, it can be concluded 

that: at 550 °C, with increasing cycle number, under low strain amplitudes (0.2% and 

0.3%), the slip mode remains planar slip; whereas, under medium-to-high strain 

amplitudes (0.5% and 0.75%), it changes from initially planar slip to coexisting planar 

slip and wavy slip (Fig. 7). These findings complement our previous report on the 

evolution of dislocation density upon cycling at 550 °C [6]. As the deformation mode of 

FCC ductile materials is primarily determined by the stacking fault energy (SFE) [3], 

the above evolution of slip mode is also believed to be applicable for other FCC HEAs 

and conventional steels of similar SFE. 

By comparing the microstructural features between RT (Fig. 4) and 550°C (Fig. 5), this 

work also demonstrates the temperature influence on the operating cyclic slip mode. 

The main difference is observed at the near-steady (or end of life) under medium-to-
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high strain amplitudes (0.5% and 0.75%), see Fig. 7. At these conditions, in contrast 

to the dominating wavy slip at RT, planar slip complements the wavy slip at 550 °C. 

This confirms the prediction of their different slip mode from the cyclic stress-strain 

curves (Fig. 2).  

4.2. Reasons for deformation mode at 550 °C 

At 550 °C, under low strain amplitudes, the dominating planar slip can be explained by 

limited activated slip system at lower stresses. While under medium-to-high strain 

amplitudes, the presence of wavy slip is expected, and is mainly associated with the 

thermal recovery and stress-induced activation of cross slip at higher stresses [6]. 

However, the co-existing planar slip at higher strain amplitudes is rather unanticipated. 

This might be rationalized by the well-known Suzuki segregation [25], which is believed 

to increase dislocations disassociation width (or SF width) [26, 27]. Direct evidence on 

Suzuki segregation has been reported for stainless steels, Ni- and Co-Ni- based 

superalloys [27-31]. For example, in a stainless steel, the SF width deformed at 

elevated temperatures is larger than that at RT [28]. Furthermore, in Ni-based 

superalloys, the segregation of Co and Cr at the SF at 750 °C was observed using 

Super-X energy-dispersive X-ray spectroscopy (EDS) [29]. 

In this study, upon cycling CoCrFeMnNi HEA at 550 °C, development of MnNi- and Cr-

enriched secondary phases is observed along grain boundaries (e.g., see Fig. 5d, 

detailed EDS mapping see Ref. [6]), suggesting elemental diffusion. Recently, for a 

pre-deformed CoCrFeMnNi followed by annealing at 800 °C for 30 min, slight 

enrichment of Mn element at the SF was observed [16]. In this context, the elemental 

diffusion generated second phases in our study could be taken as an indication of 

possible segregation of solutes to SF. This segregation may give rise to high energy 

barriers for Shockley partials constriction and increase the SF width. The evidence of 

increased SF width at 550 °C can be found in Fig. 5e (~ 5 nm), as compared to a full 

screw dislocation at RT in Fig. 4b. Therefore, Suzuki segregation is suggested to play 

a role upon cycling CoCrFeMnNi at elevated temperatures, provided that the 

temperature is high enough to allow atomic diffusion to occur at a speed comparable 

to that of the dislocations [16]. Nevertheless, more efforts are required to provide direct 

evidence of Suzuki segregation and understand the corresponding driving force for 

CoCrFeMnNi. 
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It is also worth noting that, the presence of planar slip (or wavy slip) in different grains 

under medium-to-high strain amplitudes at 550 °C could be associated with (1) grain 

orientation and (2) constraints by neighboring grains. These factors might determine 

the velocity of dislocation motion, and favor the further extension (or constriction) of 

partial dislocations, leading to planar slip (or wavy slip) in different grains. 

4.3. Relation of deformation mode with cyclic stress response at 550 °C 

The presence of planar slip can be linked with the observed serrated flow in 

CoCrFeMnNi at 550 °C (Fig. 1c-d). Usually, the serrated flow at elevated temperatures 

is interpreted by dynamic strain aging behavior, i.e., pinning and de-pinning of planar 

dislocations by solutes [6, 32, 33]. Similar to the current work, several LCF studies on 

FCC steels [34-37] rationalized the serrated flow by the dominance of planar slip in 

similar testing temperature regimes (e.g., 550 °C - 600 °C). Interestingly, unlike the 

prevalent planar slip in FCC steels, our results reveal that in CoCrFeMnNi, dislocations 

wavy slip complements planar slip after several cycles cycling at 550 °C (see Fig. 7). 

Moreover, this following onset of wavy slip might contribute to the gradually 

disappearing serrated flow at 550 °C (Fig. 1c-d). Therefore, this work suggests that, 

upon cycling FCC materials at intermediate elevated temperatures (e.g., 550 °C), the 

role of wavy slip (e.g., probably to reduce the magnitude of serrated flow) should not 

be neglected (or should be interpreted with caution). 

Additionally, the dislocation slip behavior can be associated with the presence or 

absence of cyclic softening at different temperatures. At RT, the cyclic softening has 

been correlated to the pronounced dislocation wavy substructures formation, due to 

increased mean free path for mobile dislocations [3, 5]. Differently, at 550 °C, the extent 

of wavy substructures formation has been reduced because of coexisting planar slip, 

which could be responsible for the limited cyclic softening herein (Fig. 1a). 

4.4. Fatigue life 

The reasons for the different lifetime at two investigated temperatures should be 

clarified. At RT, dislocation’s wavy slip induced strain localization plays a significant 

role in cracks initiation (i.e., by forming intrusions and extrusions). Compared to 

extensive wavy substructures formation at RT (Fig. 4b), dislocation planar 

configurations (e.g., tangles) at 550 °C indicate that, the deformation herein is more 
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homogeneously distributed (i.e., less localized). However, despite less localized 

deformation, the lifetime is shorter at 550 °C compared to RT for the same inelastic 

strain amplitudes (Fig. 3a). From the microstructure perspective, these observations 

suggest that other factors contribute to the shorter lifetime at 550 °C. 

One of the factors could be the elemental segregation induced secondary phases (i.e., 

Cr- and MnNi-enriched phases, Fig. 5d) formation along grain boundaries. Once 

connected with surface grains, they may not only act as cracks initiation sites but also 

accelerate cracks propagation, leading to earlier failure. Another factor negatively 

affecting the lifetime is the in-situ high-temperature oxidation, which is known to 

shorten the fatigue life of materials [7, 9, 35, 36, 38]. Indeed, the oxides layer was 

observed forming on our fatigued CoCrFeMnNi samples surface [6]. Besides, Polak et 

al. [38] observed early intergranular cracking and oxidation of grain boundaries during 

high-temperature cyclic straining, which might also occur in the current material. 

5. Summary 

This study demonstrates the cyclic slip mode evolution of CoCrFeMnNi model HEA at 

550 °C. With increasing cycle number, the slip mode remains planar slip at low strain 

amplitudes (0.2% and 0.3%); whereas, it changes from initially planar slip to coexisting 

planar slip and wavy slip at medium-to-high strain amplitudes (0.5% and 0.75%).  

Furthermore, this work showcases temperature influence on the cyclic deformation 

behavior of CoCrFeMnNi HEA. In comparison to that at RT, the cyclic response of 

CoCrFeMnNi shows the absence of cyclic softening and the presence of serrated flow 

at 550 °C. This can be rationalized by their distinct slip modes. Specifically, in contrast 

to the dominating wavy slip at RT, dislocations planar slip complements wavy slip at 

550 °C. The unexpected planar slip at 550 °C is ascribed to the local increase of 

stacking fault width, likely due to Suzuki segregation.  

Lastly, despite less localized deformation arising from planar slip, CoCrFeMnNi 

exhibits reduced LCF life at 550 °C. This is linked to elemental segregation and in-situ 

oxidation induced grain boundary embrittlement at 550 °C.  

Thus, the present work can also serve as a reference for understanding the 

temperature-dependent cyclic deformation behavior of other FCC HEAs (and 

conventional steels) with similar stacking fault energy. 
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