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Abstract: Single-phase equiatomic five-element high entropy alloy CoCrFeMnNi was prepared by 
powder metallurgy. Two materials with ultra-fine-grained microstructure were prepared by spark 
plasma sintering (SPS) of ball-milled powder at two sintering times (5 and 10 min), assigned as 
HEA 5 and HEA 10, respectively. Basic microstructural and mechanical properties were evaluated. 
The median grain size of the microstructures was determined to be 0.4 and 0.6 μm for HEA 5 and 
HEA 10, respectively. The differences in the microstructure led to a significant change in strength 
and deformation characteristics evaluated at room temperature. The effect of cyclic loading was 
monitored by three-point bending fatigue test. The results show that even relatively small change 
in the microstructure causes a significant effect on fatigue life. The fatigue endurance limit was 
measured to be 1100 MPa and 1000 MPa for HEA 5 and HEA 10, respectively. The detailed 
fractographic analysis revealed that abnormally large grains, localised in the microstructure on the 
tensile loaded surface, were a typical fatigue initiation site. The formation of (nano) twins together 
with dislocation slips caused the crack nucleation because of the cyclic loading. 
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1. Introduction 

High-entropy alloys are usually defined as single-phase alloys composed by at least five 
elements in the equiatomic composition stabilised by the configurational entropy [1,2]. However, 
also multiphase, non-equiatomic alloys consisting of only four elements are often referred to as HEA 
in the literature when some partial conditions are fulfilled [1–4]. A large variety of HEAs exists, but 
single-phase equiatomic five-element HEA Co-Cr-Fe-Mn-Ni, the so-called Cantor alloy, is one of the 
most studied [5]. The single-phase solid solution high-entropy alloys have a potential for solid 
solution hardening and if the single-phase fcc lattice structure is reached, a large number of slip 
systems ensures good ductility of the material [6–9]. Nevertheless, the experimental data about 
mechanical behaviour of this alloy type are still not fully understood and in some cases are 
controversial. The preferential processing method of this type of HEA is some variant of casting 
usually followed by heat treatment [5,8–11]. Also, powder metallurgy resulting in differences in the 
HEA microstructure as well as in the properties was used in [7,12–14]. The microstructure of the cast 
alloys is rather coarse with the grain sizes range from tens to hundreds of micrometres. On the 
contrary, when the powder metallurgy approach for the alloy preparation was applied, the 
ultra-fine-grained structure was reached. The precipitation of secondary phases (usually Cr rich 
phase) during the alloy preparation and processing was also described by some authors [1,6]. 



Metals 2019, 9, 1110 2 of 11 

 

The tensile or compressive properties of CoCrFeMnNi alloy in the wide range of temperatures 
from cryogenic up to 1200 °C were studied, showing changes in the active deformation and damage 
mechanisms. The room temperature ultimate strength usually ranged from approx. 600 MPa [11,15–
17] up to approx. 2 GPa [18,19] with the corresponding ductility in tenths of a percent, respectively, 
depending mostly on the grain size and processing route. The major active deformation mechanism 
at room temperature is the dislocation slip, while deformation-induced nanoscale twinning (nano 
twinning) is active at cryogenic temperatures, leading to a significant strain hardening [6,11,16,20]. 
In some cases, the (nano) twinning is connected with significant ductility of the HEA alloy at low 
temperatures. The creep resistance and deformation mechanisms acting at various elevated 
temperatures were investigated recently [21]. The addition of stabilizing dispersion or addition of 
elements forming secondary phases into the microstructure enhanced the creep properties of HEA 
significantly [22,23]. The enhancement can be ascribed to the inhibited HEA grain growth controlled 
by the pinning effect of the second phase particles dispersion either on the grain boundaries or on 
the dislocations and twins. Also, the predominant deformation mechanism is changed from 
dislocation glide to the diffusional creep when dispersion is present in the HEA microstructure 
[21,22]. The HEA response to the dynamic loading was investigated only in a few works [15,24–26]. 
High cycle fatigue data obtained on a coarse-grained HEA (average grain size of 245 μm) suggested 
that the fatigue endurance limit is just below the alloy tensile yield strength. Cr–Mn base oxide 
inclusions of the size up to 5 μm present in the microstructure were determined as the fatigue crack 
initiation sites and deformation twins formed during cycling and their boundaries act as the fatigue 
crack propagation paths in this coarse-grained alloy [15]. The effect of the grain size on the fatigue 
behaviour of an ultra-fine-grained CoCrFeMnNi HEA with fully recrystallized microstructure, 
processed by cold rolling of cast ingots and annealing was investigated by other authors in [24]. 
Their findings indicate that the grain refinement has a positive effect on both the applicable stress 
amplitude and the fatigue endurance limit even though in the ultra-fine-grained structure the cracks 
were present due to the material processing. The pre-existing primary cracks act as the fatigue cracks 
initiation sites. Detailed analysis of the dislocation structure of the ultra-fine-grained fatigue tested 
material showed differences in the dislocation structure evolution at two different stress amplitudes 
used for testing. While very limited loose dislocations were detected in the interior of some grains 
(most of the grains were dislocation free) for low-stress amplitudes, dislocation activity in most 
grains was characteristic for high-stress amplitude. However, no dislocation arrangements such as 
cell structure or deformation twins were observed within the grains. Authors also indicated that no 
grain coarsening was observed during the material fatigue testing. The absence of the dislocation 
cell structure was explained by the small grain size [27]. The absence of deformation twins was 
attributed to the raised twinning stress with grain refinement. 

The present study is aimed at the characterization and identification of crack initiation 
mechanisms during cyclic loading of two mechanically alloyed and compacted by spark plasma 
sintering (SPS) CoCrFeNiMn HEAs. The SPS treatment performed at slightly different conditions 
resulted in different microstructure in terms of grain size influencing materials three-point bending 
static and fatigue properties. Fractographic analysis of the fatigue fracture surfaces revealed the 
same mechanism of the fatigue crack initiation for both materials, which was suggested by the 
observations performed by TEM on FIB foils extracted from the fatigue crack initiation sites. 

2. Materials and Methods  

Two CoCrFeNiMn HEA alloys varying in the grain size distribution as a result of SPS 
compaction parameters were prepared. The alloy powder was prepared from pure powders of 
elements by ball milling process as described in detail elsewhere [7]. The compaction of the materials 
(hereafter HEA 5 and HEA 10) was conducted by the SPS technique with the consolidation 
temperature of 1150 °C for a dwell time of 5 and 10 min, respectively. Obtained discs were ground to 
regular shape (see Figure 1) and their density was determined by an Archimedes double weighting 
method using the ISO 18754-2013 standard. The discs were cut into the specimen shape by an 
electro-discharge method, see Figure 1 for the schematic cutting plan. Rectangular specimens with 
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nominal dimensions of 2.5 × 1 × 18 mm were prepared. All specimen sides were ground and 
polished, finishing by 1 μm diamond paste. The specimen surface polishing was performed to allow 
an analysis of the signs of the localization of the cyclic plastic deformation and fatigue crack 
initiation sites. Elastic modulus of each material was determined using an impulse excitation 
technique RFDA 26 (IMCE, Genk, Belgium) from minimally three rectangular specimens and ten 
natural frequency readings complying with the ASTM E1876-15 standard. Vickers hardness of the 
compacted specimens was determined according to the EN ISO 6507 standard by means of an 
instrumented ZHU0.2 hardness tester (Zwick/Roell, Ulm, Germany) under a maximum load of 1 N. 
Three-point bending configuration with a span of 12 mm was used for static and fatigue tests 
performed at an Instron Elektropuls 3000 (Instron, Norwood, MA, USA) electrodynamic testing 
machine. Initially, static flexural tests with a crosshead speed of 0.5 mm.min−1 were realized. The 
flexural stress was calculated according to the general equation for the maximum stress of the beam 
loaded in the three-point bending mode, σ = 3FL/2b0h02, where F is the applied force, L is the 
supporting rollers span, b0 is the initial width and h0 the initial height of the specimen. The strain 
was calculated from the maximum deflection of the specimen and its initial height h0. The flexural 
yield and fracture characteristics were determined, see for example the ASTM E855 standard. 

 
Figure 1. Schematic of the preparation of the specimen from as-sintered spark plasma sintering (SPS) 

disk. 

The same three-point bending configuration installed in the Instron Elektropuls 3000 machine 
as for static tests is employed for the fatigue experiments. The cyclic loading at cycle asymmetry 
ratio R = 0.1 with the nominal frequency of 20 Hz at ambient temperature was used. The experiments 
were performed under the load control mode. Fatigue endurance limit based on a minimum of three 
specimens not broken until reaching 1 × 107 cycles was determined for each material. 

The LYRA 3 XMH FEG/SEM (Tescan, Brno, Czech Republic) scanning electron microscope 
(SEM) was used for the analysis of the microstructure and specimen surfaces with the aim to 
characterize surface relief evolution because of the localization of the cyclic plastic deformation and 
for the fractographic analysis. For characterization of the microstructure using electron backscatter 
diffraction (EBSD) (Oxford Instruments, High Wycombe, UK), the grain boundaries were defined 
for those grain misorientations larger than 15° and analysed by Aztec software. Focused ion beam 
(FIB) technique was adopted to prepare TEM foils from the fatigue crack initiation sites to analyse 
the localization of the plastic deformation because of the cyclic loading using a JEM-2100F (Jeol, 
Tokyo, Japan) transmission electron microscope (TEM) in the scanning mode (STEM). 

3. Results 

3.1. Microstructure and Physical Properties 

The basic microstructural characteristics of the prepared materials were determined and are 
summarized in Table 1. Density, determined by Archimedes double weighting method, shows that 
nearly fully dense material was obtained independently on the sintering conditions. The theoretical 
density of 8.01 g.cm−3 was calculated according to the real chemical composition determined by EDS. 
Slightly higher then nominal content of iron was detected in analysed HEAs because of the powder 
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contamination during the milling process. The overall porosity or inclusions are expected in the 
material at the level of approx. 2.5 vol.%, estimated from the relative density. The commonly used 
median grain size D50 was determined from the EBSD data to demonstrate the differences between 
both microstructures later illustrated on mechanical response. 

Table 1. Microstructural characteristics of examined HEAs. 

Material 
ρ ρrel D50 Dgauss location Dgauss Scale 

g.cm−3 % μm μm μm 
HEA 5 7.821 ± 0.001 97.7 0.407 0.485 1.364 
HEA 10 7.799 ± 0.001 97.4 0.628 0.726 1.833 

Note: The scatter is characterized by ± Standard Deviation to the average values. 

The microstructure of the processed materials is shown in Figure 2. The EBSD technique 
displayed in Euler angles mode for the microstructure characterization was used. Both materials 
have a characteristic ultra-fine-grained structure, Figure 2. Finer grain size can be observed in the 
case of HEA 5 when compared to the HEA 10 alloy. However, some grain size abnormalities (i.e., 
presence of large grains over a few micrometres) can be observed for both the material states. In 
details of the obtained microstructures, the local presence of twins can be seen, Figure 2e,f marked 
by arrows. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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Figure 2. The microstructure of experimental materials from the EBSD analysis displayed in band 
contrast (a,b) and Euler’s colours (c–f), twins in the microstructure are marked by arrows. 

The slight bimodality represented by the presence of few abnormally large grains in the grain 
size distribution obtained from more than 4000 grains is represented by histograms shown in Figure 
3. The mixture of sub-micron and over-micron grains was observed for both the material states. The 
number of grains larger than 2 μm was 1% for HEA 5 and 2% for HEA 10 which result in 
approximately 45 vol.% in both cases. Prolongation of the SPS treatment dwells time from 5 min for 
HEA 5 to 10 min for HEA 10 resulted in grain growth of the material. The inverse Gaussian fitting 
(characteristic by Dgauss location and Dgauss scale parameter) was applied to distinguish the differences 
in the grain size distributions, see Table 1. 

Figure 3. Grain size distribution in the log-normal scale for HEA 5 and HEA 10 with fitted inverse 
Gaussian distribution shown by dashed line. 

3.2. Quasi-Static Mechanical Properties 

A higher value of the flexural stress for the HEA 5 when compared to the HEA 10 was 
measured, see Figure 4. The elongation at fracture of both the material states could not be 
determined. While the HEA 5 specimens reached the failure during the bending tests, the HEA 10 
specimens remained only bent without any sign of (micro) cracking on the tensile loaded surface 
(see insert in Figure 4 showing specimens after loading). In the case of HEA 5 specimens, the final 
fracture occurred after strain reaching only 60 to 80% of the flexural strain in all cases. The loading 
traces of three-point bending tests are shown in Figure 4 and results are summarized in Table 2. 
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Figure 4. Stress–strain loading curves from three-point bending tests and detail photographs of the 
side view of specimens in the vicinity of the loading roller after test demonstrating the extent of 
plastic deformation without fracture for HEA 10 and fractured HEA 5. 

Elastic modulus determined by an impulse excitation technique on the bending bars for both 
material states has similar values, Table 2. 

Table 2. Mechanical properties of examined HEAs. 

Material 
Eavg,IET  σYS,Flex σfr,Flex εfr σf HV0.1 
GPa Mpa MPa - MPa GPa 

HEA 5 205.4 ± 1.7 1301 ± 21 2177 ± 68 0.72 ± 0.11 1100 3.95 ± 0.06 
HEA 10 206.8 ± 1.0 1023 ± 6 N/A N/A 1000 3.67 ± 0.15 

Note: The scatter is characterized by ± standard deviation to the average values. 

3.3. Fatigue Properties and Fatigue Crack Initiation 

The cyclic behaviour determined by the three-point bending configuration with asymmetry 
parameter R = 0.1 is represented by S-N curves in Figure 5. The fatigue endurance limit (given by 
unbroken specimens so-called run-outs) is marked by arrows in the graph (Figure 5). A higher 
fatigue endurance limit at 1 × 107 cycles was determined for HEA 5 when compared to the HEA 10. 
The fatigue endurance limit σf was determined to be 1100 MPa and 1000 MPa for HEA 5 and HEA 
10, respectively. The difference of 100 MPa (10%) corresponds to the difference between the yield 
strength determined from the quasi-static flexural tests (Figure 4) and materials microstructure. 
However, only a slight difference in the reached number of cycles to the fracture at individual stress 
amplitude levels was observed between the HEA 10 and HEA 5 specimens. 

 
Figure 5. S-N curves of the experimental material states. 

4. Discussion 

The mechanical alloying accompanied by the compaction using SPS method led to the 
homogenous and dense material in both cases of processing time. The resulting microstructure is 
ultra-fine-grained, submicron on average, when compared with the CoCrFeNiMn HEAs prepared 
by other methods where the grain size is usually few orders of magnitude larger [11,26,28]. It was 
demonstrated that Cantors alloy can be refined by post heat treatment to obtain similar 
microstructure as investigated [24]. However, the processing history can influence the resulting 
behaviour of the material [18]. Differences in mechanical response observed for investigated 
materials shown in Figure 4 correlate with the material grain size including the slight structure 
bimodality. HEA 5 having smaller grain size (0.4 μm) from the examined material states reached 
higher strength properties, however, an occurrence of the final fracture after relatively small plastic 
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deformation was characteristic for all the tested specimens of this material. Mainly the grain 
boundary strengthening (caused by dislocations blocking at the grain boundaries) was more 
pronounced in the case of the material state with finer grains. Other strengthening mechanisms as 
precipitation hardening are considered to have a similar effect for both materials [29]. The limited 
ability of the dislocation slip and/or twinning in the small grains deteriorates plastic deformation of 
the material, and cleavage fracture was characteristic for the quasi-statically loaded specimens. In 
accordance with those findings the HEA 10, exhibiting slightly larger grain size (0.6 μm), reached 
lower flexural strength properties, approximately 30% drop in the flexural yield strength, however, 
achieved higher deformability compared to the HEA 5. The slip activity in combination with 
twinning could be more pronounced in the material state with larger grain size resulting in the 
ability of the material to resist the bending loading without specimen’s failure. The twin induced 
plasticity together with lower initial dislocation densities in larger grains seems to be crucial [29,30]. 

Fatigue experiments revealed that the measurable difference in the estimated fatigue endurance 
limit correlates with the grain size and grain size distribution of the prepared materials–the material 
with smaller grain size and less pronounced grain size distribution bimodality (HEA 5) reached 
higher fatigue endurance limit. The S-N curve was shifted to the higher number of cycles to the 
fracture for HEA 5 with smaller grain size; however, a significant data scatter was characteristic for 
both material states. The obtained scatter of the reached number of cycles to the fracture at the same 
maximum stress was shown to be given by the observed fatigue crack initiation mechanism and the 
presence of abnormally large grains, respectively. Fractographic analysis of the broken specimens 
showed that the crack initiation sites were always located in the highly tensile-loaded large grains 
(usually located just below or at the surface), as can be seen in Figure 6a–d. The dashed line shows 
the area of crack initiation typical for powder materials, and arrows determine the crack propagation 
from the initiation place. This behaviour was observed to be typical for both material states. Large 
grains with microcracks (see Figure 6c,d where large grains are emphasised by dashed line and 
selected microcracks are indicated by arrows) exhibiting character following the twin′s boundaries 
were observed in the fatigue crack initiation sites. Also, authors in [15] observed the twins acting as 
the fatigue crack propagation paths. No detectable influence of the specimen geometry (rectangular 
cross-section) on the fatigue crack initiation was observed. No crack initiation from the specimen 
edge was observed. As was reported by some authors the deformation by twining mechanism is 
activated at higher levels of macroscopic deformations when critical twining stress can be reached 
[17,29,30]. As the mechanism responsible for the specimens fatigue failure, a local stress 
concentration and microcracks formation because of the localized extensive slip activity and 
formation of twins in the abnormally large grains can be assumed. Microcracks nucleated at 
twin-grain boundaries act as initial defects and new stress concentrators, see Figure 6c,d. 
Localisation of the cyclic plastic deformation on stress concentration sites results in fatigue cracks 
initiation and growth. In the present microstructure, only the larger grains have a sufficient volume 
allowing dislocation and crystallographic defects motion during the cyclic loading. The surface and 
subsurface fatigue crack initiation was observed in all tested specimens. The localization of the cyclic 
plastic deformation and evolution of the (nano) twins in randomly situated large grains can be also 
indicative for the fatigue data scatter (i.e., randomly distributed larger grains serving as suitable 
crack initiation sites can be located not only at the maximum of the stress field but also out of the 
loading pin or below the outer surface). 

Lamellae for the TEM analysis extracted in the close vicinity of the fatigue crack initiation sites 
were prepared by FIB. The TEM analysis revealed a characteristic feature–nano-size twins–within 
the large grains of both materials structure, see Figure 6e,f where selected twins are marked by 
arrows. The small size of the (nano) twins compared to the twins observed by EBSD in the material 
before cyclic deformation indicates that the (nano) twins were formed because of the cyclic loading. 
The observation is in agreement with other works [10,15] where the authors reported the formation 
of (nano) twins at higher strains. Authors in [15] observed twins with an average thickness of 100 nm 
created because of the tensile stress state in the case of homogenized coarse-grained state (grain size 
of 291.3 μm) of cast CoCrFeMnNi HEA after cycling loading. Different results were obtained by 
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other authors when ultra-fine-grained HEA was explored. They reported a strong dislocation 
activity with no twinning under cyclic loading [24]. This can also be the supporting findings of this 
work where only larger grains were subjected to the extensive (nano) twinning and dislocation slip 
as is documented in Figure 6e,f. The crack initiation mechanism is therefore different when 
compared with coarse grain microstructure or refined one having narrow grain size distribution 
without abnormally large grains as reported by some authors [24,26]. The localization of plastic 
deformation to the conveniently situated in the abnormally large grain results in the formation of 
micro-cracks within the grain followed by final brittle fracture without any typical sign of fatigue 
crack propagation. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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Figure 6. Fatigue crack initiation sites and deformation structure near the fracture initiation sites. (a) 
Fatigue crack initiation site is marked by dashed line and arrows, HEA 5, SEM, BSE; (b) fatigue crack 
initiation site is marked by dashed line and arrows, HEA 10, SEM, BSE; (c) detail of initiation site, 
HEA 5, SEM, BSE, the large grain(s) are marked by the dashed line, arrows indicate microcracks; (d) 
detail of initiation site, HEA 10, SEM, BSE, the large grain(s) are marked by the dashed line, arrows 
indicate microcracks; (e) fatigue crack initiation site in HEA 5, STEM, bright field, selected nano-size 
twins are indicated by arrows; (f) fatigue crack initiation site in HEA 10, STEM, bright field, selected 
nano-size twins are indicated by arrows. 

5. Conclusions 

Three-point bending static and fatigue properties of the powder metallurgy prepared and SPS 
processed CoCrFeNiMn HEA alloys were examined. The experimentally obtained data were 
discussed in terms of fractographic analysis and TEM observations focused on the fatigue crack 
initiation mechanism. Based on the experimental results, the following conclusions can be drawn. 

Increase of the SPS processing time from 5 to 10 min at the temperature of 1150 °C influenced 
the material grain size. The larger grain size was observed for the material processed for a longer 
time, a slight structural bimodality was characteristic for both material states. 

HEA alloy with smaller grain size reached higher values of the flexural strength; however, 
specimen failure was a characteristic for this material after deformation reaching only 60–80%. The 
material state with the larger grain size reached lower strength properties, however, no specimen 
failure during the three-point bending test occurred. 

Higher fatigue endurance limit and slightly better fatigue properties were reached with the 
material with smaller grain size. A large scatter of measured data was characteristic for both material 
states. 

Microcracks formed in large grains of the microstructure were due to the (nano) twins acting as 
the fatigue crack initiation sites for both material states. 

For both HEAs, the fatigue life was controlled by the presence of large grains that acted as the 
fatigue crack initiation sites. 
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Nomenclature 

Symbol Unit Description 
D50 μm Median grain size 
Dgauss location μm Inverse Gaussian Fit–location parameter  
Dgauss scale μm Inverse Gaussian Fit–scale parameter  
Eavg, IET  GPa Elastic modulus by impulse excitation technique (IET) in flexural mode 
HV0.1 GPa Vickers hardness at a load of 100g/0.981N 
R - Fatigue stress ratio σmin/σmax 
S mm The span at three-point bending 
σmax MPa The maximum stress level of the fatigue cycle 
σmin MPa The minimum stress level of the fatigue cycle 
εfr - Strain at fracture  
ρ g.cm−3 Measured density 
ρrel % Relative density 
ρtheor g.cm−3 Theoretical density 
σf MPa Fatigue endurance limit (fatigue strength) 
σfr, flex MPa Flexural fracture stress 
σYS, flex MPa Flexural yield strength at 0.2% of plastic strain 
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