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Abstract 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 high entropy alloys (HEA) were processed by 

high-pressure torsion (HPT) followed by post-deformation annealing (PDA) at 823 and 1273 K. 

This severe plastic deformation led to a significant microhardness increment (by a factor of 

~2.5) up to ~435 Hv and the microstructures exhibited exceptional grain refinement with 

average grain sizes of ~30 nm in both HEAs. It was found that the hardness increased up to 

~555 Hv after annealing at 823 K due to precipitation of the σ phase but thereafter the hardness 

decreased to ~195 Hv after annealing at 1273 K which was very close to the value of the initial 

coarse-grained condition. This behavior is caused by a combination of grain coarsening and a 

dissolution of the precipitates. These results suggest that the nanocrystalline HEA facilitates the 

formation of precipitates owing to the large number of grain boundaries which serve both as 

fast diffusion pathways and as preferential nucleation sites for precipitate formation.   
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Introduction 

Equiatomic or near-equiatomic high entropy alloys (HEAs) have attracted much attention 

due to their potential beneficial mechanical characteristics, such as high strength, high fracture 

toughness, good ductility and good wear resistance [1].  In addition, some HEAs contain five or 

more elements, with the concentration of each element between 5 and 35 at.%, and these alloys 

have high configurational entropy such that Smix>1.61R where R is the gas constant.  This 

serves to suppress the formation of an intermetallic phase and may favor the formation of 

simple fcc or bcc structures based on solid solution phases [2,3].  

In order to increase the strength of these alloys without significantly sacrificing their 

ductility, additional strengthening methods may be introduced such as solid solution or 

precipitation hardening which requires thermomechanical processing or modifications of the 

chemical compositions of the alloys [4-7]. It is well known that, in addition to the principal 

elements, HEAs may also contain minor elements with each below 5 at.% [8].  Improvements 

in the mechanical properties of metallic alloys are traditionally achieved by doping [9] and 

doping elements such as carbon, for the formation of high-strength fine carbides, may lead to 

improvements in the strength of HEAs. In addition, it is reasonable to anticipate that the 

additional strengthening method of grain refinement, achieved through processing by severe 

plastic deformation (SPD), may lead to improvements in the mechanical properties of HEAs. 

Equal-channel angular pressing (ECAP) [10] and high-pressure torsion (HPT) [11] are well-

established SPD procedures for achieving ultrafine and even nanostructured grains in metals 

and alloys but HPT is generally advantageous because, by comparison with ECAP, it produces 

smaller grain sizes [12,13] and higher fractions of grain boundaries having high angles of 

misorientation [14]. 
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Several reports are now available describing the influence of HPT processing on HEAs [15-

24] and there is also a single report documenting the processing of an HEA by ECAP [25].  It 

was shown earlier that processing a CoCrFeNiMn high-entropy alloy by HPT leads to 

significant hardening and grain refinement and, in addition, post-deformation annealing (PDA) 

of the nanocrystalline CoCrFeNiMn HEA provides an excellent combination of high strength 

and good ductility [19]. Experiments also showed that a nanocrystalline CoCrFeNiMn HEA 

processed by HPT exhibited excellent ductility at elevated temperatures including superplastic 

elongations with a maximum elongation of >600% at a testing temperature of 973 K [22,26].  

One of the potential methods for increasing the strength of HEAs with an fcc crystal lattice is 

doping by carbon for the formation of high-strength fine carbides. Nevertheless, the influence 

of these carbides on the structure and properties of HEAs has received only limited attention.  

Accordingly, the present research was initiated to evaluate the effect of grain refinement due to 

HPT on the microstructures of two different CrFe2NiMnV0.25 HEAs doped by carbon.  

Experimental materials and procedures 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 high entropy alloys were prepared using a 

non-consumable vacuum arc melting technique in a water-cooled copper crucible. The purities 

of the alloying elements were above 99.9 at.%. After several remeltings (5 times) for 

homogenization, the ingots were hot forged and homogenized at 1323 K for 1 h. Then the 

samples were cold-rolled to ~30 % thickness reduction followed by annealing at 1373 K for 1 h. 

To prevent oxidation, all samples were sealed in vacuum quartz tubes filled with titanium chips 

before the heat treatments. Polished disks with diameters of 10 mm and thicknesses of ~0.8 mm 

were prepared from the initial annealed alloys and then processed by HPT for 5 turns at room 

temperature (RT) under an applied pressure of 6.0 GPa at 1 rpm using quasi-constrained 

conditions in which there is a small outflow of material around the peripheries of the disks 
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during the torsional straining [27]. The disks subjected to HPT through 5 rotations were used 

for post deformation annealing (PDA) at 823 and 1273 K for 60 min. In addition, similar heat 

treatment was conducted for the initial annealed samples.  

Following the processing operation, these disks were polished in order to achieve a mirror-

like quality and then hardness measurements were recorded using a Vickers microhardness 

tester.  Each reading was taken using a load of 500 gf and an indentation dwell time of 10 s. 

The average microhardness values, Hv, were recorded along diameters selected randomly with 

the measurements taken at intervals of ~0.5 mm.  At each of these points the local value of Hv 

was obtained by averaging four separate hardness values.  

The phase constituents were determined from X-ray diffraction (XRD) using Rigaku 

SmartLab equipment with Cu Kα radiation having a wavelength, λ, of 0.154 nm at 45 kV and 

with a tube current of 200 mA.  All XRD measurements were conducted over angular ranges of 

2θ from 30° to 100° with a scanning step of 0.01° and a speed of scanning of  2º min-1.   

The microstructures were characterized using optical microscopy (OM), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). SEM investigations were 

performed using a JEOL JSM-7001F 00 microscope equipped with Energy dispersive X-ray 

spectroscopy (EDS). For TEM, the foils were prepared both before PDA and after PDA at a 

temperature of 823 K for 60 min.  This was accomplished using a focused ion beam (FIB) Zeiss 

Nvision 40 FIB facility at a distance of 3 mm from the CrFe2NiMnV0.25C0.125 HEA disk centres 

in the normal sections of the disks.  This means that the normals of the images are lying in the 

shear direction. All of the TEM micrographs were recorded using a JEOL JEM-3010 

microscope which was operated with an accelerating voltage of 300 kV.  

Experimental results 

Initial microstructure of  HEA  
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Figure 1 shows the microstructure of CrFe2NiMnV0.25C0.125 HEA in as-cast state (a,b) and 

after cold-rolling and annealing at 1373 K for 1 h (c,d) investigated by OM and SEM, 

respectively. The observations reveal an extended dendritic structure in Fig. 1(a) including 

lighter dendrites and darker interdendritic areas as shown in the higher magnification image in 

Fig. 1(b). The size of dendritic branches is up to several hundred micrometers. Interdendritic 

areas are two-phase eutectic microstructure consisting of matrix and carbide phases as was 

shown earlier for the alloy CrFe2NiMnV0.25C0.175 [28]. The microstructure of the 

CrFe2NiMnV0.25C0.075 HEA revealed similar regularities but the volume fraction of carbides 

was slightly lower (not shown). The annealed sample after cold-rolling shows a coarse-grained 

microstructure represented in Fig. 1 (c,d) with a grain size of ~10-40 μm with carbides 

distributed in the matrix. Close inspection of Fig. 1 (d) reveals that the size of carbides is ~1 μm 

and some of them have been detached from the matrix due to their weak interfaces with the 

matrix during sample preparation for microstructural investigations. A comparison of the 

carbide size in as-cast and after cold-rolling followed by annealing indicates the crushing of 

carbides during hot forging and cold-rolling.  

Chemical analyses of the matrix and carbides in CrFe2NiMnV0.25C0.125 HEA before HPT 

processing were investigated using EDS and the results are summarized in Table 1. The 

nominal and experimental compositions of the HEA are reported in this Table as well. It is 

important to note that the carbon concentration is not shown due to the limited sensitivity used 

in the experimental system to light elements. The results indicate that the matrix phase is 

substantially depleted of chromium and vanadium and the carbide particle consists mainly of 

chromium and also the amount of vanadium is significant in comparison to the matrix.  

Hardness evaluations before and after HPT processing 

Figure 2 shows the results for the Vickers microhardness measurements after processing 

through 5 turns.  The average values of Hv are plotted along each disk diameter and in Fig. 2 
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the lower dashed lines at Hv ≈ 170 and 180 correspond to the initial hardness in the initial 

coarse- grained CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs, respectively. The 

results show clearly that there is a significant increase in hardness at the edge of the disk after 5 

turns with incremental increases by factors of ~2.5 to Hv ≈ 430 and ~435 with respect to the 

annealed condition for the CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs, respectively. 

These results demonstrate that after 5 turns it is not possible to produce a fully-homogeneous 

hardness distribution.  On the contrary, the results show there is a very small area around the 

centres of the disks, within a radius of r < 1 mm, where the hardness values are significantly 

lower (Hv ≈ 350) in both HEAs.  The results demonstrate also there is no significant difference 

between the hardness of samples processed by HPT through 5 turns at radii which are larger 

than ~1 mm.  

Microstructures before and after HPT processing 

XRD patterns for both the initial annealed samples (not processed by HPT) and near the edges 

of disks after HPT through totals of N = 5 turns for CrFe2NiMnV0.25C0.075 and 

CrFe2NiMnV0.25C0.125 are shown in Fig. 3(a) and Fig. 3(b), respectively. Inspection of the 

patterns reveals that the annealed microstructures consist of an fcc phase marked with solid 

circles and peaks marked with solid inverted triangles with the main peak at 2θ ≈ 43.9º related 

to the Cr23C6-like phase.  It was previously shown [28] that in the Cr-Fe-Ni-Mn-V-C HEAs the 

carbide phase has the structure of Cr7C3 compound in the as-cast state but it transforms into 

Cr23C6 phase on annealing below 1473 K [30]. The volume fraction of the secondary phase of 

chromium carbide in the initial coarse-grained state was ~7% as determined by X-ray 

diffraction analysis.  The patterns reveal also that HPT processing causes a peak broadening in 

the HEAs but there is no evidence for the creation of any new phases or the occurrence of any 

phase transformations as a results of the HPT processing. 
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The microstructure of the CrFe2NiMnV0.25C0.125 HEA is shown in Fig. 4 after 5 turns of HPT 

at a position near the edge areas without any particles in Fig. 4(a) and with a chromium carbide 

particle in Fig. 4(b). Inspection shows that the processed microstructure consists primarily of an 

array of equiaxed nanostructured grains that have an average size of ~30 nm but with many of 

the grains surrounded by grain boundaries that are diffuse or ill-defined as in Fig. 4(a). In 

addition, there is visible strain contrast in many of these grains and this is generally associated 

with the presence of dislocations. The appearance of this microstructure is typical of other 

materials prepared using different SPD techniques and it demonstrates the presence of a 

significantly large volume of high-energy non-equilibrium boundaries [29].  

The microstructure contains an fcc phase in this area with boundaries having high angles of 

misorientation and this is apparent from the arrangement of the diffraction spots in semi-

continuous circles in the selected area electron diffraction (SAED) pattern as shown by the inset 

in Fig. 4(a). A particle surrounded by matrix grains is shown in Fig. 4(b) and energy dispersive 

X-ray spectroscopy (EDS) of the two regions marked A and B confirmed from the chemical 

compositions that these neighbouring areas were different phases. Specifically, the chemical 

composition of region A corresponded to the composition of the HEA matrix and the 

composition of region B corresponded to chromium carbide which is consistent with the XRD 

results. A comparison between the particle sizes before HPT (several microns) and after HPT 

processing (<1 μm) confirmed that the particles were crushed due to the high shear stresses 

imposed in the HPT processing.  

Microstructures after post-deformation annealing 

Figure 5 uses XRD to demonstrate the microstructural evolution in the CrFe2NiMnV0.25C0.125 

samples after annealing at 823 and 1273 K for 60 min.  The effect of this subsequent annealing 

on the initial annealed microstructure is shown in Fig. 5(a) and the effect on the HPT-processed 

material is shown in Fig. 5(b).  Inspection reveals the appearance of some additional peaks of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

very low intensities marked with open inverted triangles in the samples annealed at 823 K in 

both the initial annealed and the HPT-processed samples.  The crystal structure of this new 

phase may be identified as tetragonal and the lattice parameters are given by a ≈ 8.8 Å and c ≈ 

4.5 Å.  This corresponds to the σ-phase which is a hard Cr-rich phase reported earlier in some 

HEAs processed by SPD [16-22,24].  These XRD results indicate that the volume fraction of 

the σ-phase was ~3% and ~6% in the annealed and HPT-processed samples, respectively, and 

close inspection shows an absence of this phase after annealing at 1273 K.  

 A scanning transmission electron microscopy (STEM) image is shown in Fig. 6 for a 

CrFe2NiMnV0.25C0.125 sample after HPT for 5 turns followed by PDA at 823 K for 60 min. 

Thus, in this condition the microstructure contains essentially equiaxed grains with an estimated 

mean grain size of ~200 nm.  There are some small darker phases in the STEM micrograph and, 

according to the corresponding XRD results (Fig. 5b), these phases appear to be Cr-rich 

precipitates.  It is apparent also that this Cr-rich phase is distributed reasonably homogenously 

throughout the microstructure in Fig. 6 with an average size of ~100 nm. 

Table 2 records the measured values of the microhardness for the initial coarse-grained 

CrFe2NiMnV0.25C0.125 HEA and for the HPT-processed samples both in their initial conditions 

and after annealing at temperatures of 823 and 1273 K for a period of 60 min. The results 

demonstrate also that the hardness of the nanocrystalline HEA increases slightly up to Hv ≈ 555 

after annealing at 823 K but thereafter it decreases after annealing at 1273 K.  At this 

temperature the measured hardness is ≈195 which is close to the value of Hv  180 for the 

initial coarse-grained condition.  It is interesting to note that there is a similar trend in the initial 

annealed sample but with a maximum hardness of only Hv ≈ 190 after annealing at 823 K.  

This suggests that the precipitates form at 823 K in both conditions and it is important to note 

this is consistent with the XRD results as shown in Fig. 5.  

Discussion  
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Effect of HPT and carbon content on the microstructures of HEAs  

The XRD and hardness results show that there is no significant difference between the 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs after HPT processing.  The hardness of 

CrFe2NiMnV0.25C0.125 is marginally larger than CrFe2NiMnV0.25C0.075 with a lower carbon 

content but the volume fractions of chromium carbide are almost the same at ~7% in both 

HEAs. The microstructural observations of the CrFe2NiMnV0.25C0.125 HEA after HPT 

processing reveal exceptional grain refinement to ~30 nm with a dispersion of chromium 

carbide nanoparticles within the fcc matrix.  It has been shown that grain refinement in the 

single-phase HPT-processed CoCrFeNiMn alloy is more efficient with grain sizes of ~10 nm 

[19] by comparison with the CrFe2NiMnV0.25C0.125 HEA.  Thus, the presence of carbides in the 

CrFe2NiMnV0.25C0.125 HEA produces barriers that appear to restrict further grain refinement 

[30,31].  

 Microstructural evolution of the fcc HEA was studied earlier [5,32] and it was found that the 

most significant plasticity mechanism at low homologous temperatures was gliding of full 

<110> dislocations on the primary {111} planes with part of the <110> dislocations splitting 

into 1/6<112> Shockley partials containing stacking faults.  Hard precipitates in the fcc HEAs, 

such as particles of the σ-phase, act as strong barriers for dislocation motion so that most 

plasticity takes place in the matrix fcc phase [33]. The mechanisms of plasticity in fcc 

nanocrystalline materials are not fully understood at the present time but generally it is 

considered that grain boundary sliding is especially important at grain sizes below ~10-15 nm 

whereas for larger grains the motion of partial dislocations becomes dominant and this changes 

to the gliding of full dislocations when the grain size increases above ~100 nm [34].  Below 

~100-200 nm the plasticity is controlled by the nucleation and annihilation of dislocations at 

grain boundaries.  At present no specific information is available on the plasticity mechanisms 

in nanocrystalline fcc HEAs but it is suggested that probably their behaviour is similar to the 
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mechanisms in conventional fcc nanocrystalline alloys. Accordingly, for HPT-processed 

nanocrystalline CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs with average grain sizes 

of ~30 nm it is reasonable to anticipate that the splitting of dislocations into partials plays an 

important role by comparison with their coarse-grained counterparts.  

If the strength of the nanocrystalline materials is controlled by the nucleation of 

dislocations at grain boundaries which depends directly on the grain size, then the other 

contributions to yield strength typical for coarse-grained materials, such as hard particles of 

second phases and interstitial impurities [35], should be less important in the nanocrystalline 

state. Such behaviour can be observed by comparing the hardening by carbides in the 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs in Fig. 2 with earlier reports for the 

single phase CoCrFeNiMn HEA [16,19].  In the coarse-grained state the hardening by carbides 

leads to higher strength and higher hardness for CrFe2NiMnV0.25C0.125 by comparison with 

CoCrFeNiMn while in the nanocrystalline state the single phase CoCrFeNiMn HEA has a 

higher hardness of ~450 Hv due to the smaller grain size of ~10 nm [19] compared with an 

average grain size of ~30 nm and a hardness of ~435 Hv in the CrFe2NiMnV0.25C0.125 HEA.  It 

is concluded, therefore, that hardening by carbides in the CrFe2NiMnV0.25C0.125 HEA is less 

effective than hardening through the smaller grain size in the CoCrFeNiMn HEA. 

Thermal stability of HEAs after PDA 

The microstructures of the two HEAs consist of an fcc phase and chromium carbide particles 

before and after HPT processing but further annealing at 823 K leads to the formation of new 

precipitates.  This is consistent with the substantial increase in hardness upon annealing and 

with the XRD results.  The formation of precipitates in a single phase HEA after annealing 

within special temperature ranges is a well-known phenomenon [36-39]. For example, it was 

shown that the CoCrFeMnNi alloy has a single-phase fcc structure above 873 K but a mixture 

of fcc and bcc phases, or under some conditions a σ phase with a tetragonal crystal structure, 
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below 873 K [19].  In addition, CoCrFeNiMnCx (x = 0.1, 0.175, 0.25) HEAs demonstrate a 

significant increase in hardness after annealing in the temperature range of 875-1275 K due to 

the formation of precipitates [30,31]. The present results confirm the formation of a multi-phase 

nanostructured HEA after PDA at 823 K consisting of precipitates distributed within the 

microstructure.  

Close inspection of the XRD results (Fig. 5) reveals the σ phase in the initial annealed and 

HPT-processed samples after annealing at 823 K. Nevertheless, these results indicate that the 

volume fraction of precipitates in the HPT-processed sample is higher than in the initial 

annealed sample. Basically, it is well known that HEAs have sluggish diffusion which affects 

diffusion controlled mechanisms such as precipitation and grain coarsening [40-42]. It appears 

that the large number of grain boundaries and imposed defects in the nanocrystalline HPT-

processed alloy promote fast diffusion pathways and these pathways may act as preferential 

nucleation sites for the subsequent formation of precipitates. Thus, it is concluded that the 

severe plastic deformation produces more quickly the formation of stable precipitates by 

comparison with fully annealed samples.  

Inspection of the hardness results in Table 2 shows the hardness decreases significantly after 

annealing above 823 K and up to 1273 K and this is due to the dissolution of the precipitates 

and the activation of grain coarsening. Thus, the final hardness at 1273 K is almost the same as 

in the initial annealed condition due to this coarsening. This means that the dissolution of the 

precipitates plays an important role in the stability of the microstructure and in the grain 

coarsening during annealing at 823 K.  

Summary and conclusions 

1. CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 high entropy alloys were processed by 

HPT under 6.0 GPa pressure for up to 5 turns at room temperature.  After processing, the 
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average grain size in both HEAs was reduced to <100 nm and this grain refinement was 

accompanied by a significant increase in hardness.  

2. The results show essentially no difference in microstructure between the 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs after HPT processing but the hardness 

of CrFe2NiMnV0.25C0.125 is marginally higher than for CrFe2NiMnV0.25C0.075 with a lower 

carbon content.  The volume fraction of chromium carbide was almost the same at ~7% in both 

HEAs.  Microstructural observations of the CrFe2NiMnV0.25C0.125 HEA after HPT processing 

revealed exceptional grain refinement with a dispersion of very fine crushed chromium carbide 

particles within an fcc matrix. 

3. The hardness of the HEA further increased after post-deformation annealing at 

temperatures up to 823 K due to the formation of new precipitates of the σ phase.  Thereafter, 

the hardness decreased after annealing at even higher temperatures up to 1273 K due to grain 

coarsening and precipitate dissolution. 
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Figure captions: 

Fig. 1 Microstructures of an as-cast sample (a,b) and an initial annealed sample (before HPT 

processing) (c,d) of a CrFe2NiMnV0.25C0.125 HEA at different magnifications. 

 Fig. 2 Values of the Vickers microhardness measured across disks for the 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs after HPT processing through 5 turns: 

the lower dashed lines show the initial hardness values in the initial annealed condition. 

Fig. 3 X-ray diffraction of (a) CrFe2NiMnV0.25C0.075 and (b) CrFe2NiMnV0.25C0.125HEAs before 

(Annealed sample) and after HPT processing through 5 turns. 

Fig. 4 (a) TEM image and corresponding SAED pattern of the CrFe2NiMnV0.25C0.125 HEA after 

5 turns of HPT processing and (b) a chromium carbide particle in the matrix. 

Fig. 5 X-ray patterns of the CrFe2NiMnV0.25C0.125 HEA (a) after initial annealing and (b) after 

HPT processing, together with the effects of annealing at 823 and 1273 K for 60 min. 

Fig. 6 STEM image of the CrFe2NiMnV0.25C0.125 HEA after PDA at 823 K for 60 min.  

 

Table caption: 

Table 1 Chemical composition of the CrFe2NiMnV0.25C0.125 alloy and its constituents. 

Table 2  Microhardness of the CrFe2NiMnV0.25C0.125 HEA under different conditions. 
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Fig. 1 Microstructures of an as-cast sample (a,b) and an initial annealed sample (before HPT 

processing) (c,d) of a CrFe2NiMnV0.25C0.125 HEA at different magnifications. 
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Fig. 2 Values of the Vickers microhardness measured across disks for the 

CrFe2NiMnV0.25C0.075 and CrFe2NiMnV0.25C0.125 HEAs after HPT processing through 5 turns: 

the lower dashed lines show the initial hardness values in the annealed condition. 
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Fig. 3 X-ray diffraction of (a) CrFe2NiMnV0.25C0.075 and (b) CrFe2NiMnV0.25C0.125 HEAs 

before (Annealed sample) and after HPT processing through 5 turns. 
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Fig. 4 (a) TEM image and corresponding SAED pattern of the CrFe2NiMnV0.25C0.125 HEA 

after 5 turns HPT processing and (b) a chromium carbide particle in the matrix. 
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Fig. 5 X-ray patterns of the CrFe2NiMnV0.25C0.125 HEA (a) after initial annealing and (b) after 

HPT processing, together with the effects of annealing at 823 and 1273 K for 60 min. 
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Fig. 6 STEM image of the CrFe2NiMnV0.25C0.125 HEA after PDA at 823 K for 60 min.  
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Table 1 Chemical composition of the CrFe2NiMnV0.25C0.125 alloy and its constituents. 

Chemical composition 
Elements (at %) 

Cr Fe Ni Mn V C 

Nominal composition 18.6 37.2 18.6 18.6 4.7 2.3 

Nominal composition* 19.0 38.2 19.0 19.0 4.8 - 

Experimental composition* 21.3 37.0 17.8 18.4 5.5 - 

Matrix composition* 15.2 40.7 20.7 19.9 3.5 - 

Carbides  composition* 54.8 15.5 3.9 11.1 14.7 - 

   *Without Carbon 
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Table 2  Microhardness of the CrFe2NiMnV0.25C0.125 HEA under different conditions. 

 

Condition Hv 

Initial coarse-grained  180±3 

Annealed at 823 K for 60 min 190±4 

Annealed at 1273 K for 60 min 180±2 

HPT deformed: 6 GPa, 5 turns, 1rpm 435±2 

HPT+annealing at 823 K for 60 min 555±3 

HPT+annealing at 1273 K for 60 min 195±2 

 


