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ABSTRACT 

In the present work, CoCrFeMnNiVx (x = 0, 0.07, 0.3, 0.7, 1.1) high entropy alloy films were 

fabricated by magnetron co-sputtering. For low contents of V, typical face-centered cubic (fcc) 

peaks were identified in X-ray diffraction patterns. With the increasing V content, the diffraction 

peaks became broadened and the formation of an amorphous phase was promoted. TEM 

observations showed abundant nanotwins in the films with low V contents and the transition from 

fcc to the amorphous structure with the increasing V content. Mechanical properties of the films 

were studied using nanoindentation and micro-pillar compression tests. The films exhibited a high 

hardness ranging from 6.8 to 8.7 GPa. The serrated flow associated with shear banding showed in 

the stress-strain curves for films with x ≥ 0.3. When x = 0.07, the excellent yield strength of 3.79 

GPa and ultimate compressive strength of 4.93 GPa were achieved with little sacrifice in ductility. 

The presence of nanotwins contributed to the strain hardening effect. 

1. Introduction

High entropy alloys (HEAs), first proposed by Yeh et al. [1], have gained extensive research 

attentions due to their novel design in compositions. In contrast to the conventional alloys based 
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on one principal element, HEAs are multicomponent alloys [2] containing five or more principal 

elements with the atomic fraction of each element between 5 and 35 at.% [1]. The high mixing 

entropy of HEAs is considered to promote the formation of simple solid so- lution structures, e.g. 

face-centered cubic (fcc), body-centered cubic (bcc) or fcc + bcc [3-7]. Depending upon the 

constituent elements, HEAs could possess the versatile properties [8], such as high hardness [9,10], 

good ductility [11,12], high yield strength [13,14], high wear resistance [15,16], good oxidation resistance 

[17,18], enhanced irradiation resistance [19], and the potential materials for high temperature 

applications [20,21], etc. According to the pre-vious studies, an fcc-structured HEA consisting of Co, 

Cr, Fe, Mn and Ni has been widely investigated for its excellent ductility and fracture toughness 

[22-25]. Interestingly, unlike most alloys that become brittle at low temperatures, CoCrFeMnNi HEA 

shows better strength, ductility, and toughness at 77 K than 200 K and 293 K. However, it exhibits 

a relatively weak hardness [26] and yield strength [27] at room temperature. Therefore, it is essential 

to improve its hardness and strength for its practical applications. 

Various research efforts have been dedicated to modifying the microstructure of 

CoCrFeMnNi system for strength enhancements by adding different elements. For examples, V 

[26,28-30], Al [6,13,31,32], Mo [33], Nd [34], C [35] and Ti [36,37] have been added, respectively, to result in 

the formation of the intermetallic phases or bcc crystal structure. Particularly, V was regarded as 

a candidate for forming and stabilizing the intermetallic sigma phase [38]. An equiatomic 

CoCrFeNiMnV HEA was fabricated by arc melting, and the addition of V gave rise to the 

formation of the sigma phase with a tetragonal structure [26]. Meanwhile, the micro-hardness of 

CoCrFeNiMnV increased more than 3 times in comparison with CoCrFeMnNi, accompanied by 

the loss in ductility. A systematic study on CoCrFeMnNiVx HEAs was conducted by Stepanov et 

al. [28] and they found that the alloy remained to be in a single fcc phase when the concentration of 
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V was lower than 4.6 at.%. For the V composition of 9.1 at.%, sigma phase precipitates were 

observed. With higher contents of V, the sigma phase became the matrix phase with isolated fcc 

particles [28]. Furthermore, CoCrFeNiMnV0.25 (with 4.6 at.% of V) was also proven to possess a 

higher strength at lower temperatures [39], making it a promising material for cryogenic 

applications. 

In addition to the development of HEAs, high entropy alloy films (HEAFs) have also aroused 

extensive attentions because of their smaller sizes and better mechanical properties compared with 

their bulk counterparts [40-46]. The CoCrFeNi HEAF with an fcc structure exhibited a high hardness 

of 8.5 GPa, as compared with a hardness of 1.57 GPa for its bulk counterpart [26]. A five- 

component HEAF, CrCoCuFeNi [47], was confirmed to be a single fcc solid solution although it 

was deposited from a sputtering target with two fcc structure phases. This indicated that sputtering 

deposition of HEAFs tended to distribute elements more uniformly than casting of ingots. A 

refractory NbMoTaW HEAF [48] fabricated by magnetron co-sputtering was proven to exhibit a 

superior high yield strength of ~10 GPa and better ductility in contrast to its bulk counterpart. A 

series of AlxCoCrFeNi HEAFs [49] possessing abun- dant nanotwins also exhibited a much higher 

hardness and strain rate sensitivity than the corresponding bulk counterpart. However, it is worth 

noting that excessive solute elements would deteriorate the mechanical properties of HEAFs. For 

example, NbxCoCrCuFeNi HEAFs would lead to a decrease in hardness when Nb content was 

higher than 15.2 at.% because of the formation of the amorphous phase whose plasticity was 

governed by shear banding rather than the propagation of dislocations [50,51]. Hence, a proper 

amount of the specific additive element is required to enhance the mechanical properties of HEAFs. 

In the present study, a series of CoCrFeMnNiVx HEAFs were processed to systematically 

investigate the effects of the V content on the microstructure, mechanical properties and 
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deformation mechanism of the resulting films. Also, the comparison between CoCrFeMnNiVx 

HEAFs and their bulk counterparts was studied. 

2. Materials and methods 

2.1. Fabrication of CoCrFeMnNiVx HEAFs 

Cobalt, chromium, iron, manganese and nickel pure metals (>99.99 wt%) were used to 

fabricate the CoCrFeMnNi target and pure vanadium (>99.99 wt%) was used to fabricate the V 

target for sputtering. Specifically, the alloy ingot with the nominal composi- tion of CoCrFeMnNi 

was fabricated by vacuum induction melting and then cast with the diameter of 100 mm. The as-

cast ingot was annealed at 1200 °C for 2 h and water quenched for homogeniza-tion. The sputtering 

target with a diameter of 76.2 mm and thick- ness of 6 mm was then manufactured from the ingot 

by electrical discharge machining. CoCrFeMnNiVx thin films were deposited on (100)-Si wafers 

by radio frequency (RF) magnetron co-sputtering. Before sputtering, the Si substrates were pre-

rinsed in ultrasonic bath cleaning orderly with acetone, alcohol and deionized water for 15 min 

each, and the two targets were respectively pre-sputtered by argon ion bombardment for at least 5 

min each to remove the impurities and oxide on the surface. All deposition procedures were 

conducted for 2 h at ambient temperature in the vacuum chamber with the base pressure of 2.0 × 

10-7 Torr. Compositions of the films were determined by the powers applied on the two targets 

during sputtering. While the RF power applied on CoCrFeMnNi target was fixed at 200 W, the RF 

power applied on the V target was, respec- tively, set at 0, 20, 40, 60, and 80 W. The argon gas 

flow was 20 sccm (standard cubic centimeters per minute), and the rotation rate of the substrate 

was set at 20 r/m to homogenize the composition and thickness of the film. The working distance 

was 10 mm and the working pressure was 3 mTorr. 
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2.2. Characterization of composition and structure 

The surface morphology, chemical composition and thickness of the as-deposited films were 

characterized by scanning electron microscopy (SEM, JEOL JSM 7800F), equipped with an 

energy dispersive X-ray spectrometer (EDS). The crystal structure and preferred orientation of the 

films were determined by a glancing- incidence (0.9°) X-ray diffraction (XRD, Rigaku TTRAX 3) 

using Cu Ka radiation to scan from 20° to 100° with a scanning speed of 4°/ min. The atom probe 

tomography (APT, LEAP 5000 XR) was employed to determine the distributions of elements in 

the as- deposited films. Transmission electron microscopy (TEM, FEI Tec- nai G2 F20) was used 

to study the nanostructure and crystallinity of the films. Both APT and TEM specimens were 

prepared by scanning electron microscope/focused ion beam (SEM/FIB, FEI Quanta 3D FEG) and 

a thick Pt layer was deposited over the surface of the films to avoid the ion-beam damage. 

2.3. Characterization of mechanical properties 

Mechanical properties of the films were determined using nanoindentation (Hysitron TI 950 

TriboIndenter) and in-situ SEM micro-pillar compression tests (Hysitron PI 85 SEM PicoIndenter) 

at room temperature. Nanoindentation tests were performed under the load-controlled mode with 

a standard Berkovich tip. To avoid the substrate effect, the applied load was pre-tested to ensure 

the penetration depth being less than 1/10 of the film thickness and a peak load of 5000 μN was 

adopted. The micro-pillars were pre- pared by FIB technique with the height of ~1.8 mm and 

diameter of 0.7 μm. The compression tests were conducted by PicoIndenter equipped with a flat-

punch diamond tip (5 μm in diameter) with the displacement-controlled mode of 2 nm/s 

displacement rate. Specimens after deformation were manufactured to TEM foils by FIB to 

examine the cross-sections after micro-pillar compression tests. 



6 
 

3. Results and discussion 

3.1. Composition and structure 

Analyzed by EDS, the chemical compositions of as-deposited CoCrFeMnNiVx HEAFs with 

different sputtering powers are listed in Table 1. The content of V increased with the power applied 

on the V target. For x = 0, 0.07, 0.3, 0.7 and 1.1, the corresponding CoCr- FeMnNiVx HEAFs were 

denoted as V0, V0.07, V0.3, V0.7 and V1.1, respectively. 

The XRD patterns of CoCrFeMnNiVx (x = 0, 0.07, 0.3, 0.7 and 1.1) HEAFs are shown in Fig. 

1. A typical single fcc structure was detected in the V-free thin film (x = 0), and the structure was 

identical to the bulk CoCrFeMnNi [52]. For x = 0.07, the intensity of the fcc peaks in the as-

deposited film decreased but the fcc struc-ture retained. This implied that a low solute 

concentration of V might not result in any structure change in the film. Peaks at about 44° were 

also observed for other as-deposited films; however, the peak broadened with the increasing V 

content, suggesting the possibility of a change from an fcc to an amorphous (or nano-crystalline) 

structure [51]. Nevertheless, compared to the XRD spectra of CoCrFeMnNiVx bulk counterparts 

[28], no peaks of sigma phase could be identified for the films, and it could be attributed to the fast 

quenching during the magnetron sputtering deposition procedure [47]. 

3.2. Microstructure 

The microstructure of the cross-section of the CoCrFeMnNiVx HEAFs and their 

corresponding selected area electron diffraction (SAED) patterns were characterized by TEM, and 

the results are shown in Fig. 2. Columnar grains with the average width of ~45 nm and abundant 

nanotwins were observed in the V0, V0.07 and V0.3 films (Fig. 2(a), (b) and (c)). According to 

the atomic peening effect [53], the high energy atoms sputtered from the targets could be deposited 
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on the substrate with the formation of nanotwins. From the inset of SAED patterns in Fig. 2(a), (b) 

and (c), it could be identified that CoCrFeMnNiVx HEAFs had a single-phase fcc struc-ture for x 

= 0, 0.07 and 0.3, and it agreed with the XRD results shown in Fig. 1. The thicknesses of nanotwins 

in V0, V0.07, V0.3 and V0.7 were 3.6 ± 0.7 nm, 6.5 ± 1.3 nm, 6.7 ± 2.5 nm and 16.2 ± 3.2 nm, 

respectively. The number density of nanotwins declined and a shallow amorphous ring appeared 

as the V content increased in the V0.3 and V0.7 films (Fig. 2(c) and (d)) while the fcc patterns 

could still be recognized in the SAED patterns. This indi- cated the presence of an amorphous 

structure embedded in the fcc matrix. When the content of V increased to 18.8 at.%, the high- 

resolution TEM (HRTEM) image of V1.1 (Fig. 2(e)) exhibits no lat- tice fringes corresponding to 

any crystalline phases. Moreover, fcc phases could no longer be found and instead a diffuse halo 

ring of the amorphous structure was obtained in the SAED pattern. The atomic size difference (δ) 

could be considered to explain the tran- sition to the amorphous phase [54], and 

  (1) 

where N is the number of elements in the alloy, xi and xj are the contents of the ith and jth elements, 

and di and dj are the atomic diameters of the ith and jth elements, respectively. The atomic radii of 

Co, Cr, Fe, Mn, Ni and V are 152 p.m., 166 p.m., 156 p.m., 161 p.m. 149 p.m. and 171 p.m., 

respectively. Based on the compositions shown in Table 1, δ could be calculated from Eq. (1) and 

it increased from 0.95% for V0 to 4.9% for V1.1 as the content of V increased. The alloys with 

large values of δ tended to transform into the amor- phous structure and this behavior was proven 

elsewhere [54,55]. 

Further characterization of element distributions in CoCr-FeMnNiVx HEAFs was conducted 

by 3D APT analysis. As displayed in Fig. 3(a), the as-deposited CoCrFeMnNi HEAF revealed 

uniform distributions of Co, Cr, Fe, Mn, and Ni. While TEM results illustrated the columnar 
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nanocrystalline grain structure (Fig. 2(a)), the APT reconstruction of each element revealed no 

segregation or cluster. The similar homogenous structure without any precipitate was also 

observed for CoCrFeMnNiV0.07 HEAF (Fig. 3(b)), suggesting that the addition of 1.4 at.% V did 

not lead to the phase transformation. This result was in agreement with the XRD (Fig. 1) and TEM 

(Fig. 2(b)) results. 

3.3. Mechanical properties 

The SEM images of the micro-pillars prepared from CoCr-FeMnNiVx HEAFs after the 

compression tests are shown in Fig. 4, and the corresponding compressive engineering stress-strain 

curves are plotted in Fig. 5. As shown in Fig. 4(a) and (b), no apparent slip or shear banding were 

observed in V0 and V0.07, while slip and shear banding, which were considered to give rise to 

strain hardening, were observed in V0.3, V0.7 and V1.1 (Fig. 4(c), (d), and (e)). It can be seen 

from Fig. 5 that all specimens exhibited very high yield and fracture strengths. The CoCrFeMnNi 

HEAF showed a yield strength of ~2.3 GPa and ~19% fracture strain in compression. With the 

addition of V, V0.07 exhibited an enhanced yield strength of ~3.8 GPa with a reduced fracture 

strain of ~13.2%. It is worth noting that when 1.4 at.% V was added to CoCrFeMnNi HEAF, a 

unique work hardening yield stage was observed and the fracture strength was drastically improved 

from 3.65 to a maximum value among films of 4.93 GPa for V0.07. In addition, the pinning effect 

due to dislocation slip blocked by the solute atoms at the beginning of plastic deformation was 

observed in V0.07, and a higher stress was needed for dislocations to overcome the activa- tion 

energy barrier. When the dislocations started to move away from the solute atoms, the loading 

stress dropped to a lower value and the pinning energy was released. Instead of precipitates, 

pinning effect in V0.07 was dominated by the solute atoms, which was proven by the APT results 

shown in Fig. 3. The increase of V content in HEAFs was accompanied by the loss in the 
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compressive fracture strain (ductility) from ~19% for V0 to ~10.5% for V1.1. However, the 

excessive V only affected the fracture strength slightly, and serrated flow associated with shear 

banding [56], which was often observed in the deformation of amorphous metallic glasses [57-59], 

could be identified in the V0.3, V0.7 and V1.1 curves. This was in agreement with the diffuse halo 

rings of the amorphous phase found in the TEM SAED patterns of V0.3, V0.7 and V1.1 (Fig. 2(c), 

(d) and (e)). 

The measured yield strength (σy), fracture strength (σf), fracture strain (εf), hardness (H) and 

Young’s modulus (E) of the films are listed in Table 2, where σy, σf and εf were obtained from 

micro-pillar compression tests with σy defined as the stress at which the serration was first observed 

while hardness and Young’s modulus were obtained from nanoindentation. The Young’s modulus 

of the sample was calculated from the equation of Young’s modulus and reduced Young’s modulus 

[60]: 

  (2) 

The modulus and Poisson’s ration of the indenter were 1141 GPa and 0.07, respectively. The 

value of Poisson’s ratio was obtained from the study elsewhere for CoCrFeMnNi HEAs (= 0.313) 

[61]. 

The hardness and Young’s modulus of CoCrFeMnNiVx HEAFs as functions of the power 

applied on the V target are shown in Fig. 6. With the increase of power and V content, the hardness 

increased from ~6.8 to ~8.7 GPa, suggesting the constituent of V has a pro- nounced effect on the 

microhardness of the films. Compared to bulk CoCrFeMnNiVx alloy [28], the film showed a similar 

tendency of increasing hardness with the increasing V content. However, the films exhibited 

noticeably higher hardness than the bulk counter- parts (1.4-6.4 GPa). It is prevailingly attributed 

to the ultra-fine grains and a large number of nanotwins found in the films. The mechanism of such 
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grain-size strengthening is commonly referred as the “Hall-Petch effect” [62-65]. Also, generating 

nanotwins was deemed as an effective method to strengthen alloys because the emergence of 

nanotwins could hinder the propagation of disloca- tions as well as dislocation-twin boundary 

interaction hardening in fine twins [66]. The 1.4 at.% V-doped V0.07 film exhibited the highest 

Young’s modulus and fracture strength among all which was mainly attributed to the solid solution 

strengthening [67]. Considering the widths of columnar grains in V0, V0.07, V0.3 and V0.7 were 

almost the same, the density of twins (substructure strengthening) and content of V (solid solution 

strengthening) dominated and optimized the mechanical properties of V0.07. Further increase in 

the V content resulted in the decrease in Young’s modulus because of the presence of amorphous 

phase in V0.3, V0.7 and V1.1. It was analogously found that the moderate addition of V in bulk 

AlCoCrFeNiV0.2 (with 3.85 at.% of V) alloy possessed better mechanical properties than other 

alloys in the AlCoCrFeNiVx HEAs due to V-doped solid solution strengthening [38]. 

During deformation, the stability of dislocations and nanotwins have a strong impact on the 

mechanical properties of alloys [49,68,69]. To study the microstructural change resulting from the 

micro-pillar compression tests, the TEM analyses on the cross section of the deformed pillars were 

conducted and the images are shown in Figs. 7 and 8. The TEM image of V0 after the micro-pillar 

compression test is shown in Fig. 7(a) and the image with a higher magnification is shown in Fig. 

8(a) with the corresponding SAED shown in the inset. Comparing Fig. 8(a) with Fig. 2(a), 

columnar nanocrystalline-grains of CoCrFeMnNi HEAF could be hardly observed and the fraction 

of nanotwins decreased dramatically after deformation. As nanotwins provide obstacles to 

dislocation motion, the CoCrFeMnNi HEAF exhibits not only a more superior hardness (6.77 GPa) 

but also yield strength (2.30 GPa) than the bulk counterpart [28]. Similar to Figs. 7(a) and 8(a) for 

V0, the corresponding results are shown in Figs. 7(b) and 8(b) for V0.07 and in Figs. 7(c) and 8(c) 
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for V0.3. Fig. 8(b) presented disordered fea-tures while previously mentioned nanotwins in Fig. 

2(b) dwindled. The analogous resulting microstructure after compression was also observed in 

Al0.1CoCrFeNi HEAFs on the top of the deformed region after nanoindentation [22]. Hence, the 

work hardening stage in V0.07 curve in Fig. 5 was consistent with the detwinning behavior [22]. 

Fig. 7(c) shows a deformed microstructure similar to Fig. 7(b) with the occurrence of detwinning. 

Figs. 7(d) and 8(d) show the TEM images of V0.7 micro-pillar after compression test. A diffused 

ring of amorphous phase and fcc patterns were identified in Fig. 8(d). As Figs. 7(e) and 8(e) show, 

the V1.1 micro-pillar remains amorphous after compression, whereas no phase transformation was 

observed from SAED patterns after compression (Figs. 7 and 8) compared with Fig. 2. Using the 

in situ TEM observation of nano- indentation of nanotwinned Cu films and atomistic simulations, 

annihilation of twin boundaries was confirmed and detwinning only reverted thin twins into matrix 

crystals, which did not significantly increase the average thickness of twins [70]. In addi-tion, as the 

energies of twin boundaries are one order of magnitude lower than that of grain boundaries, the 

twin boundaries are thought to be more stable against migration than grain boundaries during 

deformation [70]. It is inferred that, during deformation, nanotwins in CoCrFeMnNiVx HEAFs are 

unstable and the detwinning behavior dominantly contribute to strain hardening. 

4. Conclusions 

In the present work, homogenous CoCrFeMnNiVx (x=0, 0.07, 0.3, 0.7, and 1.1) HEAFs were 

fabricated by magnetron co-sputtering and the effects of V addition on their microstructures 

associated with the corresponding mechanical properties were systematically studied. While 

CoCrFeMnNi HEAF presented a single fcc solid so- lution, films with V addition less than 6.0 at.% 

(i.e., x < 0.3) main-tained the fcc structure. Co-sputtering with an excessive V would result in the 

formation of amorphous phase when x≥0.3. Each element distributed uniformly in all as-deposited 
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films. Meanwhile, a notable amount of nanotwins were found in V0, V0.07 and V0.3 films. 

Microhardness and micro-pillar compression tests demon-strated that the addition of V less than 

6.0 at.% made a contribution to ultrahigh hardness and yield strength with little strength-ductility 

trade-off. However, nanotwins were unstable during deformation and the occurrence of detwinning 

would result in strain hardening. Although excessive V concentration is pro-nounced to restrain 

crystallization as well as the compressive strain, all CoCrFeMnNiVx HEAFs exhibited the better 

mechanical properties in contrast with their bulk counterparts [28]. Therefore, magnetron sputtering 

with the high-energy bombardment of atoms and faster quenching is an effective process to 

enhance the mechanical properties of HEAFs by generating nanotwins in nanograins. 
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Figure captions 

Fig. 1. XRD patterns of CoCrFeMnNiVx (x = 0, 0.07, 0.3, 0.7, and 1.1) HEAFs. 

Fig. 2. TEM images of CoCrFeMnNiVx (x = 0, 0.07, 0.3, 0.7, and 1.1) HEAFs with the inset 

showing the corresponding SAED patterns for (a) V0, (b) V0.07, (c) V0.3 and (d) V0.7. (e) The 

HRTEM image of V1.1 with the SAED pattern shown in the inset. 

Fig. 3. 3D APT element distribution reconstruction of (a) CoCrFeMnNi and (b) CoCrFeMnNiV0.07 

HEAFs. 

Fig. 4. SEM images of as-compressed CoCrFeMnNiVx HEAFs for (a) V0, (b) V0.07, (c) V0.3, (d) 

V0.7, and (e) V1.1. 

Fig. 5. Engineering compressive stress-strain curves of CoCrFeMnNiVx HEAFs. Curves are offset 

horizontally from the origin for clear viewing. 

Fig. 6. Hardness and Young’s modulus of CoCrFeMnNiVx HEAFs as functions of the power 

applied on the V target. 

Fig. 7. TEM images of CoCrFeMnNiVx HEAFs after micro-pillar compression tests for (a) V0, 

(b) V0.07, (c) V0.3, (d) V0.7 and (e) V1.1. 

Fig. 8. Magnified images of the deformed zones in CoCrFeMnNiVx HEAFs after micro-pillar 

compression tests for (a) V0, (b) V0.07, (c) V0.3, (d) V0.7 and (e) V1.1. The corresponding SAED 

pattern is shown in inset. 
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