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A B S T R A C T   

Compared to mechanisms like solid solution strengthening, the stacking fault energy (SFE) should be considered 
as a further factor that influences the material properties. The effect of SFE of alloys or individual elements on 
strength and resistance can vary considerably. In the high-temperature regime above 700 ◦C, there are still 
significant gaps in the knowledge about the effect of the SFE on the mechanical properties of single-phase alloys. 
The effect of SFE on creep resistance of two face-entered cubic equiatomic medium and high entropy alloys, 
CrCoNi and CrMnFeCoNi, respectively, is evaluated to fill parts of these gaps. Using the Bridgman solidification 
process, the alloys were produced as single crystals and crept under vacuum at 700 ◦C up to 1100 ◦C. This work 
shows a significant impact of the lower SFE of CrCoNi on the creep behavior compared to the results of previous 
investigations of CrMnFeCoNi. The creep resistance of the former is higher over the complete temperature range. 
At very high temperatures, the strengthening effect of the stacking faults is significantly present. The formation 
of tetragonal stacking faults and extended dislocation nodes can be identified as the reason for this effect.   

1. Introduction 

Since about 2004, the concept of conventional alloy design evolved 
by expanding the degrees of freedom in the alloy composition [1,2]. 
Based on mixing multiple principle elements in relatively high and often 
equiatomic concentrations, this novel approach to concentrated solid 
solution alloys contrasts with the traditional alloy design [3,4]. The 
novel alloys are known as high entropy alloys (HEA) and medium en-
tropy alloys (MEA) [1]. The designation HEA and MEA refer to the 
configurational entropy ΔSconf of the solid solutions, with HEA usually 
consisting of five or more elements (ΔSconf ≥ 1.61 R) and MEA of three 
elements (ΔSconf = 1.10 R) [5], with R as the molar gas constant. These 
new alloy systems permit the formation of unique microstructures, 
properties, and higher chemical complexity than alloys based on only 
one main component. The virtually unrestricted variety of alloying 
possibilities illustrates that material science of alloys has not been 
completely explored or even fully understood [3]. However, due to their 
single-phase nature, studies on HEA and MEA will lead to a more pro-
found understanding of the overall deformation and strain hardening 
mechanisms. For instance, the effect of solid solution strengthening has 
been investigated for the face-centered cubic (FCC) 

Cr20Mn20Fe20Co20Ni20 (at.%) so-called Cantor alloy and compared to 
pure nickel [6,7], meaning that influencing factors such as oxidation or 
grain size and grain boundary effects were eliminated, however the 
difference in stacking fault energy (SFE) was not addressed. Gadelmeier 
et al. [6] have shown a clear solid solution strengthening effect at 700 ◦C 
for the single-phase Cantor alloy. This effect decreases with increasing 
temperature and is only weakly present at 980 ◦C whereas at 1100 ◦C the 
effect is no longer present. 

Alloying, however, does not only introduce the solid solution 
strengthening effect due to atomic size differences but also changes the 
interaction between different atomic species and thus the SFE of the 
solid solution. The SFE plays an important role in the mechanical 
properties of metals, for example, by having a strong influence on 
ductility and strength. Further, by only varying the chemical composi-
tion between HEA and MEA, the close-to-isolated influence of SFE on the 
mechanical properties, i.e., the tensile properties and creep resistance, 
can be addressed. 

The creep resistance of a material is known to depend on several 
factors, such as the grain structure [8,9], the stress state σ (both internal 
and external), the modulus of elasticity E, and the diffusion coefficient D. 
The relation between these quantities is given by Barett and Sherby [10] 
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in equation (1). 

ε̇min =AK ⋅ γ3.5
SF ⋅ D ⋅

(σ
E

)n
(1)  

where γSF is the SFE of the alloy, AK is a material-specific constant, n the 
Norton stress exponent and D is the diffusion coefficient [9,11]. Since 
the change in stacking fault energy is intensified by the exponent 3.5 and 
the change itself is way higher in comparison to D and E of all elements 
in consideration [12], it can be concluded that the SFE has - in our case - 
the strongest influence on minimum creep rate. Individual elements 
have different SFE, which are reflected in the SFE of an alloy depending 
on the content of each element. Fig. 1 shows the SFE at room temper-
ature (RT) of different single phase FCC alloys as a function of the Ni 
content in comparison with pure Ni and Co. 

Compared to almost all other metals, pure Ni shows the highest SFE 
at 120 mJ m− 2. The influence of Cr, Ni, and Co content on the SFE of the 
Cantor alloy is clearly visible. The SFE increases for alloys with much Ni 
and a little Cr simultaneously [8,9,20]. If there is a high Cr and Co 
content, the SFE decreases, which can be observed in the Equiatomic 
CrCoNi alloy, with an SFE of γSF = 22 mJ m− 2 [17]. For a low SFE, e.g., 
10 mJ m− 2 compared to 100 mJ m− 2, the recovery process in the crystal 
lattice is impeded by the occurrence of SF and SFE-associated defects, e. 
g., twins. With a higher SFE, the distance between the 
Shockley-partial-dislocations is smaller, which results in a faster re-
covery of the lattice, as is observed for pure Ni. A reduction of the SFE 
can be achieved by adding Cr, Cu, Co or Ag to the alloy [8,9,20]. 

Considering the SFE and the corresponding influences of different 
elements on its magnitude, it is clear that the Cantor alloy, pure Ni and 
the equiatomic FCC CrCoNi form a suitable base of metallic materials to 
investigate the effect of SFE on mechanical properties of solid solutions 
[6,17]. Laplanche et al. [17] explored the impact of the SFE by tensile 
tests on the equiatomic CrCoNi compared to the Cantor alloy. They 
found that the separation between the Shockley-partials in CrCoNi is 
larger than in the Cantor alloy. Further, in CrCoNi nanotwinning is 
activated earlier than in the Cantor alloy as an additional deformation 
mechanism from RT down to liquid nitrogen temperature of − 196 ◦C, 
leading to a better combination of strength and ductility. However, their 
study refers to polycrystalline samples at temperatures below RT. 
Therefore, grain-boundary effects may not be ruled out in their results, 
and high-temperature effects, common in high-performance alloy ap-
plications [21,22], are not considered either. Furthermore, no in-
vestigations at elevated temperatures (above 700 ◦C) are available so far 
for this alloy class. Therefore, it is unclear whether and how strong the 
SFE has an effect on HEA and MEA in single-phase solid solution. 

In order to close this gap, our investigation is performed on the MEA 
CrCoNi and the HEA CrMnFeCoNi both in a single crystal (SX) and 
single-phase state. Therefore, diffusion processes at the grain boundaries 
are eliminated, thus increasing the mean free path of the dislocations. 
Furthermore, using an SX prevents the effect of grain boundary sliding, 
the latter being known to decrease the creep resistance significantly 
[23]. In our previous work, we reported on the isolated solid solution 
strengthening of the Cantor alloy in the temperature regime 
700–1200 ◦C, and compared it to pure Ni [6]. With these data and new 
experiments on SX CrCoNi, presented in this paper, the influence of the 
stacking fault energy on the creep properties of solid solution alloys can 
be investigated. The creep tests on CrCoNi, as well as experiments in 
Ref. [6] were both performed under vacuum in order to exclude 
oxidation effects. Due to the different configurational entropies of the 
considered materials, pure Ni (ΔSconf = 0 R), CrCoNi (ΔSconf = 1.10 R), 
and the Cantor alloy (ΔSconf = 1.61 R), a possible relationship between 
the entropy and the material properties will also be considered [24]. 

2. Material and methods 

2.1. Alloy manufacturing and characterization 

First, the pure elements Cr, Co, and Ni (purity ≥99.95 %) were 
cleaned in an ultrasonic bath with ethanol and weighed in the corre-
sponding equiatomic ratio to prepare an alloy with a total mass of 400 g. 
Then, eight polycrystalline master alloys (50 g each) were prepared 
mixing the pure metals using an arc-melting furnace (Edmund Bühler 
GmbH) under an argon atmosphere. These master alloys were re-melted 
under vacuum (5⋅10− 2 Pa) in a Bridgman induction casting furnace [21, 
25,26] and cast into a ceramic mold with a single crystal selector. The 
temperature of the ceramic mold was 1520 ◦C which is 100 ◦C above the 
melting point of CrCoNi Tm_CrCoNi = 1417 ◦C [27]. The mold was pulled 
down from the heating zone at a speed of 3 mm/min to solidify along the 
[001] orientation in the rod axis. The resulting cast rod had similar di-
mensions as the samples described in Ref. [6], with a length of 120 mm 
and a diameter of 16 mm. The manufacturing process of the SX CrCoNi 
was identical to the SX Cantor alloy and pure SX Ni samples [6,21,28]. 

Micro X-ray fluorescence (μ-XRF) investigations showed a homoge-
neous concentration of 33.3 ± 0.2 at.% for all elements over the whole 
length of the cast rod. Further, the crystal orientation in the rod axes was 
investigated using a SEM Zeiss Sigma 300VP with an electron back-
scatter diffraction (EBSD) system. The EBSD results showed no grain 
boundaries in the microstructure and a crystallographic orientation that 
deviated 28.6◦ from [001] ([7 4 15]) in the cast direction. The SX rod 
was oriented along the [001] direction using a goniometer head to align 
it with the tensile axis of creep specimens. 

2.2. Mechanical tests 

Creep specimens were prepared using wire electronic discharge 
machining (EDM). A sample geometry with a gage length of 5 mm be-
tween optical indicators was used, as it is reported previously [6,29]. 
After wire EDM, the oxidation layer was removed using a V2 etchant, 
and the samples were ground with a 2400 SiC emery paper. 

Creep tests on the SX CrCoNi alloy were performed under vacuum at 
700, 980, and 1100 ◦C. The same experimental setup as described in 
Refs. [6,21] was used. The load for the creep tests was chosen in the 
range of 6–120 MPa in order to compare with previous results on the 
Cantor alloy (leading to ε̇min in the range of 10− 8 – 10− 3 s− 1) [6]. 

2.3. Microstructural observations 

After creep deformation, chemical composition, formation of phases 
and sub-grains were analyzed in the CrCoNi alloy. The samples were 
embedded in a conductive resin, ground, polished with 1 μm diamond 
slurry and finally chemically polished with a colloidal SiO2 suspension. 

Fig. 1. Room temperature (RT) stacking fault energies γSF [13–19] plotted over the 
Ni-content of single phase FCC metals. Co has a hexagonal close packed (HCP) 
structure as pure metal at RT. The composition of the alloys is equiatomic except for 
Cr14MnFeCoNi26 and Cr26MnFeCoNi14. 
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A scanning electron microscope (SEM) Zeiss 1540EsB Cross Beam with 
an energy-dispersive X-ray spectroscopy (EDS) system and a secondary 
electron SE detector was used for imaging. 

Creeped samples of both alloys were prepared for transmission 
electron microscopy (TEM) in three steps. First, the complete creep 
samples were ground to a thickness of 100 μm, after which TEM foils 
with a diameter of 3 mm were punched out from the gage length area. 
Thus, the foil plane (110) contains the loading direction [001] in both 
material states. Subsequently, both sides of the foils were polished using 
a 3 μm and 1 μm diamond slurry, and finally thinned by Struers Tenupol- 
3 twin-jet electropolishing device in an electrolyte consisting of 70 vol% 
methanol, 20 vol% glycerol and 10 vol% perchloric acid at − 25 ◦C and 
16 V. The TEM analysis was carried out with a JEOL JEM-2200FS 
equipped with a field emission gun (FEG) source working with an ac-
celeration voltage of 200 kV. Bright field (BF) and high angle annular 
(HAA) DF micrographs were acquired in the scanning mode (STEM) for 
dislocation analysis and atomic number contrast, respectively. Several 
overview images and further detailed images were taken from each 
sample. Finally, three detailed images (same region size) of each alloy 
were used to determine the dislocation density. The mean value 
including statistical deviation was calculated from the evaluation. In-
dividual areas in the detailed images (with dislocation accumulations or 
a low number of dislocations) were also investigated and the dislocation 
density was determined. 

3. Results and discussion 

3.1. Creep experiments 

Fig. 2a shows examples of tensile creep curves of the SX CrCoNi at 
700 ◦C (under vacuum), one with incremental load steps between 60 and 
100 MPa over time and one at a constant load of 120 MPa. Both ex-
periments were interrupted (marked with open circles) after 451 h and 
43 h, with 4.0 % and 3.7 % total strain, respectively. As seen in Fig. 2b, 
the incremental load steps of the first creep test occurred whenever the 
minimum creep rate was reached, applying the same procedure for the 
SX Cantor alloy experiments as in Ref. [6]. The second creep test, with a 
constant load of 120 MPa, was interrupted after reaching the minimum 
creep rate to preserve the defect structure for subsequent TEM analysis. 
The samples were cooled down under load after the heat source was 
turned off. 

The experimental response of the creep tests of SX CrCoNi at 980 ◦C 
and 1100 ◦C is very similar to the response of the 700 ◦C experiments. 
Here, the applied load was between 12 and 40 MPa at 980 ◦C [21], and 
between 6 and 15 MPa at 1100 ◦C. These tests were performed until 
rupture. The applied creep load range of 6–120 MPa for all SX CrCoNi 

creep tests is comparable to the experimental conditions of the SX 
Cantor alloy in Ref. [6], which load range was 2–125 MPa. 

Using the double logarithmic-scaled Norton-Plot, the minimum 
creep rates versus load (assuming ε̇min ≈ σn), taken from the creep test 
results, are presented in Fig. 3 for the SX CrCoNi and SX Cantor alloys 
[6] for all temperatures. The determined values are also listed in Table 1 
for comparison. At a first glance, a strong difference in creep resistance is 
observed between the two materials, represented by the marked green 
areas. More precisely, for all investigated temperatures a lower mini-
mum creep rate is found for the SX CrCoNi alloy. Thus, the SX CrCoNi 
creep resistance is significantly higher than for SX Cantor alloy. The 
difference of <5 % in the melting temperatures of both alloys is insuf-
ficient to explain the strong differences in minimum creep rate. With a fit 
of Equation (2), the stress exponent n is calculated. With n between 4.3 
and 6.8 for all investigated temperatures, it can be said that they have 
similar values of n, which points towards the similar creep mechanisms, 
namely, dislocation creep-controlled. 

Table 2 lists the load σ to reach a steady-state strain rate of 1⋅10-7 s-1 

at 700 ◦C, 980 ◦C, and 1100 ◦C for the two SX solid solutions (SX CrCoNi 
and SX Cantor alloy), and for the pure SX Ni [6]. The CrCoNi shows the 
highest, and pure Ni the lowest stress values, whereas the values for 
Cantor alloy lie in-between. To ensure better comparability, on the right 
side of Table 2 the relation between the three materials is given as a 
relative factor of the load values on the left side (SX Cantor alloy vs. SX 
Ni, SX CrCoNi vs. SX Ni, SX CrCoNi vs. SX Cantor alloy). Increasing the 
temperature from 700 ◦C to 1100 ◦C leads to a decrease of these factors, 

Fig. 2. a) Strain vs. time and b) creep rate vs. strain diagrams for creep tests at 700 ◦C (in vacuum) of the single crystalline CrCoNi alloy. Both tests were interrupted 
and cooled down under load. One sample was tested with a stepwise load increase from 60 to 100 MPa and one, at a constant load of 120 MPa. 

Fig. 3. Double logarithmic plot of minimum creep rate versus stress for the SX 
CrCoCNi compared to the SX Cantor alloy at 700, 980, and 1100 ◦C under 
vacuum. The melting points of both alloys with Tm_CrCoNi = 1417 ◦C and 
Tm_CrMnFeCoNi = 1340 ◦C differ only slightly by less than 5 % [27,30]. 
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except for the SX CrCoNi vs. SX Cantor alloy relation at 700 ◦C. Between 
SX Cantor alloy and pure SX Ni, the factor decreases from 4.5 to 1.0, 
whereas between SX CrCoNi and SX Ni this value changes from 6.1 to 
2.2. Therefore, to reach the minimum creep rate of SX Ni, a higher stress 
must be applied on both SX Cantor alloy and SX CrCoNi at all temper-
atures. This behavior is attributed to the solid solution strengthening 
effect [6], which is absent in pure SX Ni. The difference in the minimum 
creep rates between SX Cantor alloy and SX Ni decreases by increasing 
temperatures from 700 to 1100 ◦C, and the solid solution strengthening 
effect is only very weakly present at 980 ◦C with a factor of 1.03 in stress 
relation [6,21]. 

The higher difference in required stresses between the SX CrCoNi 
alloy and pure SX Ni (see Table 2) causes the variance between SX 
CrCoNi and SX Cantor alloy, with the factors showing a slight increase in 
stress ratio from 1.4 over 2.4 to 2.1 (for 700 ◦C, 980 ◦C and 1100 ◦C). 
This dissimilarity cannot be explained by an entropy effect. 

The relative difference of the atomic radii δ in an alloy is calculated 
for both solid solutions with the radius ri and concentration ci of each 
element [31] using Equation (2). 

δ=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ s

i=1
ci ⋅

(
1 -

ri

r

)2
√

with r=
∑ s

i=1
ci ⋅ ri (2) 

The values are 3.6 % for the SX Cantor alloy and 1.6 % for the SX 
CrCoNi alloy. Therefore, the Cantor alloy should show an increased 

creep resistance in comparison to SX CrCoNi, which is not reflected in 
our results. 

According to Equation (1) the lower SFE of SX CrCoNi (γSF = 22 mJ 
m− 2 at RT) is shown to be an advantage for the creep resistance against 
SX Cantor alloy (γSF = 30 mJ m− 2 at RT) [17]. Therefore, the higher 
creep resistance of SX CrCoNi can be explained by a reduction in SFE 
[17]. While the difference in room temperature SFE of 8 mJ m− 2 may 
seem small, the microstructural observations made in Section 3.2 imply 
a more pronounced difference in SFE present at 700 ◦C. Furthermore, no 
other influence factors can explain the significantly better creep prop-
erties of CrCoNi. The higher amount of 33.3 at.% Cr and Co in SX CrCoNi 
compared to 20 at.% in SX Cantor alloy can be identified as the main 
reason for the better properties. It has been proven that these two ele-
ments reduce the SFE of an alloy [9]. In addition, a higher amount of Cr 
and Co, or the elimination of Fe and Mn, leads to better mechanical 
properties [17,32]. 

3.2. Microstructural investigations 

Even for the long creep test times (t > 400 h), it can be stated for both 
the SX CrCoNi and SX Cantor alloy, that no new phases grow (based on 
our EDX analysis). This is in agreement with Otto et al. [33], where 
decompositions occurred only after way longer exposure times (more 
than 10,000 h) in polycrystalline samples. Further, the chemical 
composition of all tested creep samples remains homogeneous and 
equiatomic over the whole sample. 

For both SX CrCoNi and SX Cantor alloy, one interrupted creep 
sample each was analyzed using STEM. Table 3 lists the corresponding 
creep parameters, together with the determined minimum creep rates 
and the plastic strains at which the tests were interrupted. Both samples 
were tested at a temperature of 700 ◦C and interrupted (cooled down 
under load) at an identical minimum creep rate of 2⋅10− 7 s− 1. The stress 
level of SX CrCoNi was 1.5 times higher in comparison to SX Cantor 
alloy. 

Fig. 4 shows BF-STEM images of the SX Cantor alloy sample after 
creep testing at 700 ◦C and 80 MPa, and the corresponding selected area 
diffraction pattern (SADP) indexed along the zone axis Z = [110] (see 
Fig. 4a). The orientation from the SADP was used to draw an identically 
oriented schematic lattice cell next to it, where the main directions and 
the traces of two edge-on {111} are labeled. The overview image 
(Fig. 4b) shows an inhomogeneous dislocation density. Beside 
dislocation-free areas (blue regions, each area with 0.8 μm2), dislocation 
forests are observed (Fig. 4c), which limit the mobility of gliding dis-
locations [11]. Local dislocation clusters are also identified (see Fig. 4d), 
resulting from the pile-up of long dislocations, which are found close to 

Table 1 
Minimum creep rates and stress exponents for the creep tests of SX CrCoNi compared 
with results of SX Cantor alloy [6] at different loads and temperatures under vacuum.   

log10 ε̇min in s− 1 

Material SX CrCoNi SX Cantor alloy [6] 

Temperature in ◦C 700 980 1100 700 980 1100 

Load in MPa 
2      − 8.1 
3      − 7.9 
4      − 7.1 
5      − 6.5 
6   − 7.4   − 5.8 
7   − 7.3    
8   − 7.2  − 7.2 − 5.1 
10   − 6.7    
12  − 8.3     
13     − 6.0  
15  − 7.9 − 5.7    
18  − 7.6     
20  − 7.4   − 5.2  
22  − 7.0     
25  − 6.7   − 4.6  
30  − 6.1     
40  − 5.6     
50    − 8.3   
60 − 8.0      
65    − 7.6   
70 − 7.9      
80 − 7.7   − 6.8   
100 − 7.1   − 6.3   
120 − 6.7      
125    − 5.6   

Norton exp. n 5.2 5.5 4.3 6.8 5.5 5.3  

Table 2 
Required stress to reach a steady-state strain rate of 1⋅10− 7 s− 1 for SX Ni, SX CrCoNi and SX Cantor alloy. Determined factor between the three SX materials with Ni [6], CrCoNi 
and Cantor alloy [6] at 700, 980 and 1100 ◦C.  

Temperature T in ◦C Load σ in MPa to reach ε̇min = 1⋅10− 7 s− 1 Temperature T in ◦C Factors between the SX materials 

700 980 1100 700 980 1100 

SX Ni 17.8 7.2 3.5 Cantor alloy vs. Ni 4.5 1.3 1.0 
SX CrCoNi 108.3 22.0 8.1 CrCoNi vs. Ni 6.1 3.1 2.2 
SX Cantor 80.3 9.1 3.6 CrCoNi vs. Cantor 1.4 2.4 2.1  

Table 3 
Test parameters for the interrupted creep tests of SX CrCoNi and SX Cantor alloy 
(cooling under load).   

SX CrCoNi SX Cantor alloy 

temperature in ◦C 700 700 
stress σ in MPa 120 80 
minimum creep rate ε̇min in 10− 7 s− 1 2 2 
strain ε in% 3.8 4.9 
time in h 43 65  
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small angle grain boundaries (SAGB, see Fig. 4b and c). The SAGB 
indicated in Fig. 4 was identified by acquiring convergent-beam electron 
diffraction (CBED) patterns on both sides of the boundary and identi-
fying a small but clear misorientation of ≈1◦. While these zone-axis 
images alone are not conclusive of what type of substructure the dislo-
cations clusters form, it is reasonable to consider the dislocation align-
ment and their closeness to SAGB as indicative of them evolving to form 
the clusters. The presence of clusters with long and straight dislocation 
segments that are contained in the thin foil indicate glide planes where 
short-range order (SRO) has been broken and has led to localized 
preferred glide even at this temperature, as also found for other 
Ni-containing solid solutions [34]. This is also observed at RT and lower 
temperatures for the Cantor alloy [35] and may partly explain serrations 
observed in the creep curves presented previously [6]. 

Fig. 4c shows that the progress of small-angle grain boundaries is 
partly discontinuous for the Cantor alloy. What seems to be an early 
stage of dislocation rearrangement (polygonization) of a vertical forest 
dislocation wall is probably interrupted by a more advanced stage of 
SAGB buildup going horizontally, where some forest dislocations of the 
vertical wall may have been annihilated. With an averaged distance x ≈
66 nm between dislocations, the dislocation density [36] is ≈ 1014 m− 2 

for the Cantor alloy. The dislocation density of the small-angle grain 
boundaries is ≈ 1017 m− 2. However, the dislocation density in areas 
among these structures is reduced (see Fig. 4d). Dislocation forests and 
clusters show a dislocation density of ≈ 1015 m− 2, whereas areas with a 
larger dislocation distance of 117 nm have a dislocation density of 
≈7⋅1013 m− 2. No stacking faults are observed for the Cantor alloy 
throughout the TEM specimen. Overall, the dislocation structure in 
Fig. 4b can be interpreted as an ongoing process of subgrain boundary 
formation in the steady state creep stage where a dynamic equilibrium is 
reached between the dislocation forests and SAGB, which act as 
strain-hardening obstacles, and polygonization and annihilation as re-
covery processes. 

In Fig. 5, anaglyphs at low (Fig. 5a) and high (Fig. 5b) magnification 
of a second region in the crept SX Cantor alloy sample allow for a 
qualitative three-dimensional (3D) impression of some of the dislocation 

processes mentioned above. Thus, the small loop marked with an “A” in 
Fig. 5a and b nucleated on the (111) plane (cf. schematic 3D cube in the 
center of Fig. 5). Such a loop bows out under the effect of the externally 
applied effective shear stress, such that part of it looks like the arc 
marked “B” in Fig. 5b. While the latter seems to be strongly acted upon 
by the evolving dense dislocation network in the middle, long straight 
parallel segments such as that marked “C” seem to align on one trace of 
the (111) plane, thus probably starting a dislocation cluster. The “C” 
dislocation is thus the top-most of at least three dislocations contained in 
this region of the TEM foil, with the next row of two dislocations starting 
towards the left corner of Fig. 5b. These long segments adopt a line di-
rection close to [110], which is contained in the TEM-foil plane (cf. 
Section 2.3), thus explaining their long character. A similar situation is 
displayed by the dislocation marked “D” in Fig. 5b, which bows out on 
the (111) plane ahead of dislocation “B”. However, dislocation “D” has 
met the straight [110] dislocation close to the bottom of the foil, the third 

Fig. 4. BF STEM images of a Cantor alloy creep sample, interrupted after reaching the minimum strain rate at 700 ◦C and 80 MPa: a) selected area diffraction pattern 
(SADP) along the zone axis [110] and accordingly oriented schematic lattice cube; b) overview image; c) and d) detail images with long dislocations and small-angle 
grain boundaries. 

Fig. 5. 3D anaglyphs of the dislocation substructure in a Cantor alloy creep sample, 
interrupted after reaching the minimum strain rate at 700 ◦C and 80 MPa. (a) Large 
field of view. (b) Higher magnification. g = (111). The schematic lattice cube in the 
bottom middle shows the overall orientation is found between [121] and [110]. 
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in the row starting with “C” at the top and is also pinned on the right side 
by the dense dislocation network. A considerable number of other 
straight segments parallel to [011] could be associated to glide on (111), 
then leaving jogs such as that marked by “E”. Many other dislocations 
parallel to [011], which are not left-over jogs are found, but these are 
considerably shorter than the [110] segments, as the former is not con-
tained in the foil plane. 

Long and straight dislocation segments are indicative of slow motion, 
which is due to reduced drag forces caused by the HEA lattice. However, 
difference to RT and low-temperature configurations, the dislocations 
found here do not have serrations characteristic of jerky motion, which 
are due to the high temperature mobility that allows the dislocations to 
minimize their line energy by proper short-range diffusion. Indeed, the 
activation energies for diffusion of the elements in the Cantor alloy as 
determined by Tsai et al. [37] are very similar, which should allow for a 
homogeneous redistribution of elements around dislocations. 

Fig. 6 shows BF-STEM images of the interrupted SX CrCoNi sample 
after creep testing at 700 ◦C and 120 MPa. Similar to the SX Cantor alloy, 
the corresponding selected area diffraction pattern (SADP) was indexed 
along the zone axis Z = [110] (see Fig. 6a), which practically coincides 
with the foil plane normal. At a first glance (Fig. 6b), elongated and 
structured dislocation network cells cover the entire sample. The cell 
walls tend to be parallel to [001], which corresponds to the loading 
direction. This contrasts the results for the SX Cantor alloy, where such a 
pattern is absent. Based on Fig. 6c, an averaged dislocation density ρV ~ 
1014 m− 2 is estimated for SX CrCoNi. Comparable to SX Cantor alloy, SX 
CrCoNi is divided into areas with a very low dislocation density (≈1013 

m− 2, nearly free of dislocations, yellow frame in Fig. 6c) and areas with a 
high density (≈1016 m− 2, white frame). A higher density refers to 
dislocation clusters oriented along [001] (loading direction) as well as 
others often orthogonally cross-linked to it. Fig. 6c and d shows Orowan 
and small freshly nucleated loops (10–220 nm in size) close to the 
clustered dislocations. Also, blue (Figure 6c) and orange (Figure 6d)
arrows respectively mark the traces of thin segments contained within 
(111) and (111) (refer to the schematic lattice cell in Fig. 6a), indicative 
of localized glide on a few parallel planes. The latter, as with the SX 
Cantor alloy, may be associated to preferred glide along discrete planes 

where SRO has been broken. Together with the Orowan loops at 
different inclinations, these traces suggest glide on all four {111} planes 
due to similar Schmid factors that arise from the highly symmetric 
loading along [001]. 

In contrast to SX Cantor alloy, CrCoNi contains a larger number of SF, 
which are located preferably in the areas of dislocation clusters (see 
Fig. 6c and d). Fig. 7 shows details of the SF in the crept SX CrCoNi alloy. 
The observed SF can be categorized into two main types: 1) several 
extended dislocation nodes with planar SF [38] are observed in Fig. 7a; 
2) further and most frequently, the SF also appear as the faces of small 
tetrahedral structures (Fig. 7b). In Fig. 7c–a region is shown in which the 
extended dislocation nodes, some small tetrahedra (dotted region), 
small loops, and many perfect dislocation lines contained in different 
{111} planes (see traces in Fig. 6a), are all present. 

The large number of extended dislocation nodes alone fingerprints its 
low SFE even at such an elevated temperature as 700 ◦C. Similar 
dislocation nodes were commonly observed by Laplanche et al. [17] in 
tensile tests at liquid nitrogen temperature, − 196 ◦C, and RT for the 
CrCoNi and the Cantor alloy. In the present work, no SF are observed in 
the SX Cantor alloy at 700 ◦C, indicating a strong increase in SFE with 
temperature, which in turn is reflected by the lower applied stress 
required to reach the same strain rate. The Burgers vectors of disloca-
tions that describe the nodes are shown schematically in Fig. 7d ac-
cording to Refs. [38,39], where SF appear when glide dislocations react 
and split into Shockley-partial dislocations [40]. In Fig. 7d, perfect 
dislocations with Burgers vectors (in Thomson’s notation) BA = a/2 [1 
10], CA = a/2 [01 1] and BC ¼ a/2 [1 01] (black vectors) split into 
partials with Burgers vectors Bδ = a/6 [2 11], δA = a/2 [1 21] and δC ¼
a/2 [11 2]. 

The appearance of extended nodes in TEM images is exploited since 
1970 [41] to accurately measure the SFE by assuming a stable state of 
the node, in which the line tension and SFE repel and are equal to each 
other. However, the extended nodes in Fig. 7a reveal several 
non-equilibrium features: there are many nodes with different sizes 
close to each other, which are asymmetric (see red arrows), and may 
even have abrupt cusps on the partial dislocation lines (see blue arrow). 
Perfect dislocations often present constrictions (green arrows), which 

Fig. 6. BF STEM images of a SX CrCoNi creep sample, interrupted after reaching the minimum strain at 700 ◦C and 120 MPa: a) SADP along the zone axis [110] and 
accordingly oriented schematic lattice cube, b) overview image of the dislocation structure; c) and d) detail images of the characteristic dislocation configurations. 
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evidence short range forces acting upon them [41]. The latter may be 
indicative of stronger solute interactions for CrCoNi than for the Cantor 
alloy. While the relative difference as measured by Equation (2) yields a 
larger value for the SX Cantor alloy, the presence of SFs induced by Cr 
and Co may lead to a local redistribution of such elements around them 
or even change their relative atomic radii. In that case, one could 
speculate that for the less entropic CrCoNi one of these atoms could 
acquire a more significant radius difference to the others and act as 
solute diffusing to either side of the edge component of dislocations, i.e., 
the Suzuki effect [42]. As in the case of SRO disruption, such an envi-
ronment could lead to dynamic strain aging, which in turn could be 
partly associated to serrations observed in the corresponding creep 
curve in Fig. 2b. While this scenario cannot be discarded, such in-
terpretations must be cautious, as the equipment used is known to show 
such instabilities in the low strain-rate regimes. In passing, be noted that 
dynamic strain aging and its associated solute drag has been suggested 
by He et al. [12] to occur in the Cantor alloy at temperatures >750 ◦C for 
creep regimes with Norton exponents n ≈ 3 and not for dislocation-climb 
mediated regimes of n ≥ 5, which is the case here. 

An attempt to measure the SFE on the extended nodes in Fig. 7a [43], 
while inaccurate due to the aforementioned asymmetry and size distri-
bution, reveals a minimum cutoff value of 27 mJ m− 2. A maximum 
cutoff reference can be the SFE for pure Cu (≈55 mJ m− 2), where the 
extended node method can barely be applied since the separation be-
tween partial dislocations reaches the resolution of the method. 

Fig. 7b shows tetrahedral SF (≈5–30 nm in edge length), formed 
within the dislocation cluster zones. Comparable structures have been 
observed in gold, a low-SFE material, quenched from high temperatures 
[43]. Fig. 7e schematically shows a SF tetrahedron according to Refs. 
[38,43]. The tetrahedral defects are explained by a collapse of vacancies 
that forms a Frank-type SF on a {111} plane, (b = a/3<111>), which 
subsequently dissociates into three stair-rod dislocations (tetrahedron 
edges, b = a/6<110>), each one of which is accompanied by a Shokley 
partial (b = a/6<112>) that forms the tetrahedron faces as they expand 

into the remaining {111} planes. Another explanation for its formation 
is based on glide of jogged screw dislocations [38]. However, many of 
the observed tetrahedra are found close to dislocations, where a large 
number of vacancies may be expected as they climb, but already in 
dislocation-free regions (cf. Fig. 7b), which supports the vacancy 
collapse hypothesis. Both SF types (tetragonal and nodes) are prevalent 
in Fig. 7c among additional dislocation loops. While the SF tetrahedra 
cannot be unequivocally accounted for the high-temperature deforma-
tion mechanisms, they relate to the low SF of the SX CrCoNi alloy, and 
can be associated to gliding dislocations, either directly (see above) or 
indirectly via a high vacancy concentration being emitted from them. 
However, as it was found that dislocations are locked onto their glide 
planes, climb and its vacancy emission probably occur when interacting 
with strain fields of adjacent dislocations within clusters. In Fig. 7f the 
dislocation-free regions are colored green, and dislocation clusters 
marked as dotted green lines. Thus, their mobility is strongly limited by 
the extended SF and their nucleation may be favored in the already 
disrupted regions, causing the emergence of a grid structure of clustered 
dislocations, and dislocation-free areas. 

SX CrCoNi shows a low SFE and therefore a high amount of stacking 
faults at high temperatures. Because of the higher barrier effect of the 
SF, the material behavior of CrCoNi shows a slower creep deformation 
compared to SX Cantor alloy. The absence of stacking faults in the SX 
Cantor alloy thus allows a quicker reconfiguration and recovery of the 
substructures, leading to larger cells with more dense dislocation cell 
walls. Cross slip can be seen here as an ease for perfect dislocations to 
bypass obstacles and be built into cell walls, leaving a larger volume and 
free path for new dislocations, which is in line with the faster creep rates. 
On the contrary, the extended dislocations found in the SX CrNiCo alloy 
become sessile such that they may remain as obstacles for new dislo-
cations. They form part of the cell walls and shorten the path of 
incoming dislocations that interact with them, i.e., decrease the cell size, 
making the recovery process slower, and consequently also creep rates. 

The positive impact of the SF on the creep properties is visible up to a 

Fig. 7. Observed SF in the SX CrCoNi alloy: a) extended dislocation nodes with SF, b) tetrahedral SF and c) combined nodes, tetrahedra, loops and perfect dislocations. 
Schematic illustration of the SF in the SX CrCoNi alloy: d) splitting of glide dislocations into Shockley-partial dislocations in an extended dislocation node containing SF in (111) 
plane [38,39]; e) formation of a tetrahedral SF [38,43]. f) Low-mag. STEM-BF image of the heterogeneous dislocation substructure in SX CrCoNi. 
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temperature of 1100 ◦C for SX CrCoNi related to the Cantor alloy 
(Fig. 3). 

4. Conclusions 

The following statements can be drawn for the mechanical and 
microstructural characterization of MEA CrCoNi compared to HEA 
Cantor alloy, both in single crystal and single-phase state:  

1. Despite the lower difference in atomic radius of the CrCoNi alloy (δ 
= 1.6 %), which should lead to lower creep properties compared to 
SX Cantor alloy (δ = 3.6 %) due to the lower solid solution 
strengthening effect, SX CrCoNi has a significantly better creep 
resistance in the temperature range 700 ◦C – 1100 ◦C.  

2. The configurational entropy ΔSconf is not a dominant factor on creep 
properties of pure SX Ni (ΔSconf = 0 R), SX CrCoNi (1.1 R), and SX 
Cantor alloy (1.6 R). The CrCoNi alloy has a lower configurational 
entropy but higher creep resistance against SX Cantor alloy.  

3. The lower SFE of SX CrCoNi (γSFRT = 22 mJ m− 2/55 mJ m− 2 ≫ 
γSF700◦C ≥ 27 mJ m− 2) is the major influencing factor for the better 
creep properties compared to SX Cantor alloy (γSFRT = 30 mJ m− 2/ 
55 mJ m− 2 < γSF700◦C). To reach the same creep rate, a stress level of 
108 MPa is necessary for SX CrCoNi in comparison to 80 MPa for SX 
Cantor alloy. Other influencing factors like oxidation effects, grain 
size effects, grain boundary sliding, grain boundary diffusion, or 
precipitate effects are excluded by using single crystal, single phase 
material and testing in vacuum.  

4. SX CrCoNi still has a high amount of stacking faults at 700 ◦C 
compared to SX Cantor alloy. Extended dislocation nodes with 
stacking faults and strong solute interactions act as barriers for the 
dislocation movement and lead to higher creep resistance. In addi-
tion, the stacking faults are associated to a grid structure of dislo-
cation clusters and dislocation-free areas in the CrCoNi alloy.  

5. Finally, the driving factor influencing the mechanical properties of 
the alloys remains with the alloying elements. It becomes evident, 
that the increased creep resistance of SX CrCoNi is directly linked to 
the higher content (33.3 at.% instead of 20 at.% for the Cantor alloy) 
of the elements Cr and Co. The large relative content of these two 
elements significantly reduces the SFE of the alloy. 
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