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In recent years, high entropy alloys (HEAs) have attracted significant attention due to their excellent  

physical, chemical, mechanical properties, and good irradiation resistance, thus are considered as po- 

tential candidates for fission and fusion structural applications. CoCrFeMnNi HEA was irradiated by high 

intensity pulsed ion beam (HIPIB) to investigate the effects of thermal shock irradiation on its microstruc- 

ture, surface morphology and mechanical properties. It was found that CoCrFeMnNi HEA maintained the 

face-centered cubic single-phase structure after HIPIB irradiation. The ion beam effect of irradiation pro- 

duced numerous defects such as vacancies and stacking faults within the range of carbon ions. While the 

thermal effect reduced vacancy concentration beyond the ion range by promoting the recombination of 

vacancies with interstitials, and decreased the nano-hardness of CoCrFeMnNi HEA. The thermal effect and 

shock wave effect promoted the migration of vacancies and formed defects such as stacking faults etc. far 

beyond the ion range in CoCrFeMnNi HEA. Because of the very compositional complexity, the high-level 

chemical disorder and local lattice distortion of CoCrFeMnNi HEA, the lattice parameter was almost un- 

changed after HIPIB irradiation. Even if the temperature reached the melting point of CoCrFeMnNi HEA, 

there was no crack on the surface after surface remelting and rapid cooling. CoCrFeMnNi HEA showed  

good thermal stability and thermal shock irradiation resistance. 

. 

 
 

1. Introduction 

 
The development of advanced fission and fusion reactors de- 

pends largely on the stability performance of structural materials 

in extreme environments such as high temperature, high stress and 

strong irradiation damage [1,2]. Compared to conventional alloys 

containing only one major element, high entropy alloys (HEAs) [3], 

an emerging multi-principal element solid solution alloy, exhibit 

excellent mechanical properties [4,5] and high temperature stabil- 

ity [6,7] due to their complicated random arrangement of alloy- 

ing elements and the characteristic of local chemical environment 

at the atomic level. Therefore, HEAs, regarded as a new candidate 

structural material in nuclear reactors, have become a research 

hotspot [8,9]. CoCrFeMnNi HEA is one of the earliest studied HEA 

systems [10], and can form face-centered cubic (FCC) single-phase 
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solid solution structure well. In addition, it is also one of the ear- 

liest HEA systems which used in irradiation research [11,12], and 

shows good irradiation resistance, such as promoting defect recom- 

bination [12], inhibiting irradiation-induced swelling [11] and seg- 

regation [13], defect accumulation [14] and He bubble growth [15], 

etc. 

In the fusion device, there are not only plasma and neutron 

irradiation, but also strong thermal radiation up to 800°C [16]. 

Among the conditions that affect irradiation damage build-up (e.g., 

particle energy, dose, and dose rate), irradiation temperature can 

influence defect production, migration, and evolution significantly. 

Compared with conventional alloys, HEAs can still maintain high 

structural stability [17,18] and low irradiation swelling rate [19], 

while reducing irradiation-induced segregation and defect accumu- 

lation [17], and inhibiting the nucleation and growth of He bubbles 

[20,21] during high temperature irradiation. However, the ambient 

temperature of the reactor wall material is not constant, and the 

material often experiences transient high thermal load shocks due 
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to unstable rupture of the plasma [22]. Thus, it is important to 

study the irradiation damage evolution of HEAs under high ther- 

mal load shocks for their potential application in nuclear reactors. 

High Intensity Pulsed Ion Beam (HIPIB) combines ion beam ef- 

fect and thermal effect with achieving high energy density de- 

position (106–1011 W/cm2) on the material surface instantly (≤1 

μs), causing rapid heating (108–1011 K/s) and cooling (108–109 K/s) 

[23,24]. The strong thermal effect can lead to melting, evapora- 

tion and ablation of the material surface, and also the formation of 

non-equilibrium phases [25,26]. In addition, the rapid temperature 

variation generates shock wave and high thermal stress, resulting 

in severe irradiation damage (e.g., cracking, spalling, etc. [27,28]) 

with influence depth of tens of μm [29]. Therefore, HIPIB is suit- 

able for simulating thermal irradiation in a fusion device, and can 

even simulate transient thermal shock when unstable plasma rup- 

tures [30,31]. CoCrFeMnNi HEA was irradiated by HIPIB to study its 

microstructure, surface morphology and mechanical property re- 

sponse under thermal shock irradiation. It provided the theoretical 

data reference for the selection and research of structural materials 

in nuclear devices. 

 

 
2. Experimental 

 
The CoCrFeMnNi HEA was  prepared  by  vacuum  arc  melt- 

ing with  constituent  elemental  purity  higher  than  99.95  wt.%. 

To achieve a homogeneous distribution of  elements,  each  alloy 

was remelted and flipped five  times  with  electromagnetic  stir- 

ring. The details of the melting process can be found in  Ref. 

[32,33]. Before irradiation, the CoCrFeMnNi HEA with the size of 

8 mm × 5 mm × 2 mm was polished using silicon carbide pa- 
per up to 2000 grit followed by a final polishing step using 1 μm 

diamond polishing paste. 

dentation depth of 2 μm and a loading time and unloading time 

of 40 s. 

 
3. Results and discussion 

 
3.1. The simulation of CoCrFeMnNi HEA irradiated by HIPIB 

 
The distributions of dpa and ions concentrations in HIPIB irra- 

diated CoCrFeMnNi HEA (the ion beam effect) were simulated by 

SRIM in full-cascade mode [39]. The displacement energy was set 

as 40 eV for all target elements [19,40,41]. Fig. 1 shows the distri- 

butions of dpa and the concentrations of implanted carbon and hy- 

drogen as a function of depth in the CoCrFeMnNi HEA with the ir- 

radiation condition of 0.3 J/cm2, 300 pulses and 2.0 J/cm2, 3 pulses, 

and the inset is an enlargement of the dpa curve. The dpa curves 

are bimodal, corresponding to the dpa produced by carbon and hy- 

drogen respectively. The dpa produced by carbon was concentrated 

at 0–400 nm and much larger than the dpa produced by hydrogen, 

which indicated that the displacement damage was mainly pro- 

duced by the cascade collisions of carbon. On the one hand, the 

amount of carbon in the ion beam was much larger than that of 

hydrogen; on the other hand, the mass of hydrogen was small, the 

range was long, and the nuclear energy loss of hydrogen was only 

0.6% of the total energy. Therefore, hydrogen produced less dis- 

placement damage in the CoCrFeMnNi HEA. In addition, the dpa 

and implanted atoms concentrations were larger at the irradiation 

of 0.3 J/cm2, 300 pulses, which implied more vacancies induced by 

irradiation and a stronger ion beam effect. 

The time  and  space  evolutions  of  temperature  and  thermal 

stress in HIPIB irradiated CoCrFeMnNi HEA (thermal effect and 

shock wave effect) were simulated by FEM. According to the law 

of conservation of energy, the temperature field T(x,t) can be ex- 

pressed as: 

The experiment of HIPIB irradiation was performed on the 

Temp-4M high intensity pulsed ion beam device at Tomsk Poly- 

technic University in Russia [34,35]. The accelerator has a double- 

ρ(T )C(T ) 
∂T (x, t) 

∂t 
= λ(T ) 

∂ 
2
T (x, t) 

∂x2 
+ P − Lδ(T (x, t) − Tm ), (1) 

pulse mode, and the ion beam generates from its magnetic insu- 

lating diode, whose anode and cathode material are graphite and 

stainless steel. The ion beam consists of 85% Cn+ (mostly C+) and 

15% H+. The acceleration voltage, pulse width and pulse interval 

are 220 kV, ∼90 ns and 10 s, respectively. The experimental pa- 

rameters were divided into two groups. The pulse number of the 

first group were 3, 10, 100 and 300 with a same energy density of 

0.3 J/cm2; the second group was 3 pulses and changed the energy 

density from 0.3 to 0.5, 1.2 and 2.0 J/cm2 respectively. 

The Stopping and Range of Ions in Matters (SRIM) program 

[36] was used to simulate the distributions of displacements per 

atom (dpa) and ions concentration in HIPIB irradiated CoCrFeMnNi 

HEA (the ion beam effect). The finite element method (FEM) 

[37] was used to simulate the time and space evolutions of tem- 

perature and thermal stress in HIPIB irradiated CoCrFeMnNi HEA 

(thermal effect and shock wave effect). 

Scanning electron microscope (SEM) was used to test the sur- 

face morphology of samples. The phase structure of un-irradiated 

and irradiated samples was studied  by X-ray diffraction (XRD) 

with Cu Kα radiation. The changes on microstructure were studied 

by transmission electron microscope (TEM). The samples for TEM 

were manufactured by focused ion beam (FIB) method. The depth 

distribution of defects induced by the irradiation in CoCrFeMnNi 

HEA was analyzed by the Doppler broadening spectroscopy (DBS) 

of slow positron beam. The positron annihilation measurements 

were performed at the Positron Research Platform of the Institute 

of High Energy Physics, Beijing, China, using a 22Na positron source 

and a high-purity germanium detector to detect the γ photons 

generated by positron annihilation [38]. The hardness variations of 

the surface were measured by a micro-nanoindenter with an in- 

P(x, t) = k · d(x) · f (t), (2) 

where ρ(T) is  the  density,  C(T)  is  the  specific  heat  capacity,  λ(T) 

is the thermal conductivity, and L is the latent heat of fusion. The 

melting point (Tm) of CoCrFeMnNi HEA is 1607 K [42]. The initial 

condition is T(x,0) = 298 K. As the irradiation was performed in a 

vacuum chamber, the boundary condition is set to adiabatic condi- 

tion. P is the source term, and k is the energy density, d(x) is the 

distribution function of ion beam energy with depth, which was 

calculated by SRIM. The current  density  evolution  function  with 

time is given by f(t), and its evolution of the TEMP-4M device was 

taken from the paper [43]. Both f(t) and d(x) are normalized func- 

tions. The density, coeffi cient of thermal expansion, specific heat 

capacity, thermal conductivity, Young’s modulus and Poisson’s ratio 

of CoCrFeMnNi HEA with temperature were taken from the papers 

[44] and [45]. The latent heat of fusion and the thermal parameters 

for liquid state with temperature were the average values of Co, Cr, 

Fe, Mn and Ni (taken from the Material Property Database of JAHM 

Software, Inc.). Considering the time complexity, space complexity 

and computational accuracy of the simulation, the minimum time 

step and space unit were set to be 10 ns and 10 nm, respectively. 

The temperature evolutions with time and space of CoCrFeMnNi 

HEA irradiated by different energy densities are shown in Fig. 2. 

The irradiation deposited a large amount of energy on the surface 

within 0.14 μs, which made the surface temperature rise rapidly 

to the highest temperature Tmax with a maximum heating rate of 

1010 K/s magnitude. At the same time, the heat transferred rapidly 

from the surface to the interior through heat conduction, with a 

maximum cooling rate of 109–1010 K/s magnitude. Due to the rapid 

energy deposition, the maximum heating rate was larger than the 
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Fig. 1.  The depth dependent distribution curves for dpa and concentrations of implanted carbon and hydrogen atoms in CoCrFeMnNi HEA irradiated by HIPIB, and the inset 

is an enlargement of the dpa curve: (a) 0.3 J/cm2 , 300 pulses and (b) 2.0 J/cm2 , 3 pulses. 

 

 
Fig. 2.  The temperature evolutions with time and space of CoCrFeMnNi HEA irradiated by HIPIB with different energy densities: (a) 0.3 J/cm2 , (b) 0.5 J/cm2 , (c) 1.2 J/cm2 , 

(d) 2.0 J/cm2 . The yellow plane is the melting point position (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article). 

 

maximum cooling rate at the same energy density. It can be seen 

from the Fig. 2 that the maximum temperature, melting depth and 

time, high temperature region range, maximum heating and cool- 

ing rate all increased with the energy density, and the calculated 

results were summarized in Table 1. At the energy densities of 

1.2 J/cm2 and 2.0 J/cm2, the maximum temperature of CoCrFeMnNi 

HEA exceeded the melting point (the melting point position was 

marked by a plane in Fig. 2c and 2d). And the melting depths were 

∼0.8 μm and ∼1.5 μm, the melting time were ∼0.3 μs and ∼0.9 μs, 

respectively. As shown by the red arrows, the solidification process 

of CoCrFeMnNi HEA lasts about a few hundred nanoseconds due to 

the latent heat of solidification (equal to the latent heat of fusion). 

Fig. 3 shows the  evolutions  of  thermal  stress  with  time  and 

space for CoCrFeMnNi HEA irradiated with different energy den- 

sities,  where  the  positive  stress  is  compressive  stress  along  the 

depth direction and the negative stress is tensile stress. Because 

of the rapid heating and cooling, the irradiation produced strong 

shock waves within the CoCrFeMnNi HEA, and the thermal stress 

increased rapidly to the maximum compressive stress within 0.2 

μs. Not only compressive stresses, as time increases, but also lit- 

tle tensile stresses generated due to the rapid cooling of the CoCr- 

FeMnNi HEA surface layer. With the increase of energy density, 

the increase of heating and cooling rate led to the increase of 

maximum compressive stress σ c, max and maximum tensile stress 

σ t, max, as shown in Table 2. 

We refer to the region where the temperature exceeds the re- 

crystallization temperature (about 873 K [46,47]) and the stress 

exceeds the yield strength (about 200 MPa[48]) as the high tem- 

perature region and the high stress region, respectively. The influ- 

ence ranges of the high temperature region and high stress region 
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Table 1 

Calculation results of temperature field of CoCrFeMnNi HEA irradiated by HIPIB. 

 

energy density, 

 

melting region maximum heating 

 

maximum cooling 

 

high temperature region 
 

J/cm2 Tmax, K 
depth, μm time, μs 

rate, 1010 K/s rate, 1010 K/s 
depth, μm time, μs  

0.3 1089   0.9 0.3 0–0.5 0.1–0.2  

0.5 1509   1.4 0.5 0–1.0 0.1–0.4  

1.2 2298 0–0.8 0.1–0.4 2.8 1.0 0–2.5 0.1–1.9  

2.0 3408 0–1.5 0.1–1.0 3.8 1.8 0–4.2 0.1–5.2  

 

 

Fig. 3.  The thermal stress evolutions with time and space of CoCrFeMnNi HEA irradiated by HIPIB with different energy densities: (a) 0.3 J/cm2, (b) 0.5 J/cm2, (c) 1.2 J/cm2, 

(d) 2.0 J/cm2. 

 
Table 2 

Calculation results of stress field of CoCrFeMnNi HEA irradiated by HIPIB. 

and the local constraint increases with depth, so the depth range of 

high stress concentration region was from 1.2 to 15.1 μm instead 

energy density, 

J/cm2 σ c, max,  MPa σ t, max, MPa 

high stress region 
 

depth, μm time, μs 

of the most surface. The order of effects according to the depth 

of influence was: shock wave effect > thermal effect > ion beam 

effect. 
0.3 583 13 1.5–8.1 0.1–1.1 

0.5 848 22 1.3–9.4 0.1–1.7 

1.2 1289 56 1.2–12.6 0.1–3.6 

2.0 1533 91 1.2–15.1 0.1–5.2 
 

 

 

 

 

can be clearly seen by the method of plotting the temperature and 

thermal stress contour maps, and the obtained ranges are summa- 

rized in Table 1 and Table 2, respectively. With the increase of en- 

ergy density, both thermal effect and shock wave effect gradually 

enhanced and their influence range also increased. Fig. 4 shows the 

temperature and thermal stress contour maps of the CoCrFeMnNi 

HEA irradiated with the energy density of 2.0 J/cm2. The ranges of 

the main influence regions of thermal effect and shock wave effect 

at 2.0 J/cm2 irradiation were about 0–4.2 μm and 1.2–15.1 μm, re- 

spectively, which were both larger than the influence range of ion 

beam effect (0–0.4 μm). The surface of CoCrFeMnNi HEA is free 

 
3.2. The effects of HIPIB irradiation on microstructure, surface 

morphology and mechanical property of CoCrFeMnNi HEA 

 
Fig. 5a shows the grazing incidence X-ray diffraction (GIXRD) 

patterns of CoCrFeMnNi HEA before and after HIPIB irradiation, 

with an incidence angle of one degree and a measurement range of 

about 0–400 nm depth. The CoCrFeMnNi HEA still maintained its 

FCC single-phase structure after irradiation. Due to the large grain 

size (about submillimeter), XRD measurements with different an- 

gles of sample placement resulted in diffraction enhancement on 

different grain planes, such as (200), (220) and (311) diffraction 

peaks. Fig. 5b shows the enlarged patterns of (111) plane diffrac- 

tion peak in Fig. 5a. There was almost no shift of the diffraction 

peaks in CoCrFeMnNi HEA after the irradiation of 0.3 J/cm2, differ- 

ent pulses and 0.5 J/cm2, 3 pulses, while significant shift was ob- 

served under similar conditions in tungsten [49]. Severe lattice dis- 
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Fig. 4. (a) The temperature contour map and (b) the thermal stress contour map of the CoCrFeMnNi HEA irradiated with the energy density of 2.0 J/cm2 . 

 

 
Fig. 5. (a) GIXRD patterns of CoCrFeMnNi HEA before and after HIPIIB irradiation; (b) the enlarged patterns of (111) plane diffraction peak in (a). 

 

tortion in HEA leads to higher lattice strain energy [50], suppress- 

ing lattice strain generation and  improving  the  structural  stabil- 

ity. When the energy density increased to 1.2 J/cm2 and 2.0 J/cm2, 

the diffraction peaks moved towards the low angle region, which 

means a slight increase of the lattice parameter (from 0.3593 nm 

of pristine to ∼0.3601 nm of remelted HEA), owing to the tensile 

stress generated by surface layer remelting and rapid solidification. 

Fig. 6a shows the XRD patterns of θ −2θ coupled scan of CoCr- 

FeMnNi HEA before and after HIPIB irradiation, with a measure- 

ment range of about 0–16 μm depth. Fig. 6b shows  the  en- 

larged patterns of (111) plane diffraction peak in Fig. 6a. As the 

pulses (≥100 times) and energy density (≥0.5 J/cm2) increased, the 

diffraction peaks moved towards the high-angle region, indicating 

a slight reduction of lattice parameter and the presence of com- 

pressive stress. According to the simulation results of stress field 

in Fig. 3, the compressive stress produced by the shock wave ef- 

fect was greater than the yield strength in the depth range of 1.2– 

15.1 μm, resulting in the compression of lattice within the CoCr- 

FeMnNi HEA. 

Fig. 7a and 7b show the TEM cross-sectional images of CoCr- 

FeMnNi HEA under HIPIB irradiation of 0.3 J/cm2, 300 pulses and 

2.0 J/cm2, 3 pulses, respectively. The temperature of CoCrFeMnNi 

HEA did not reach the melting point at the irradiation of 0.3 J/cm2, 

300 pulses, and the irradiation-induced defects accumulated in the 

cascade collision region (up to 400 nm depth), thus producing an 

obvious defect layer. For the irradiation of 2.0 J/cm2, 3 pulses, its 

dpa was much less than that of 0.3 J/cm2, 300 pulses, and the 

remelting resulted in the reduction of irradiation-induced defects, 

so Fig. 7b shows less irradiation defects. From the selected area 

electron diffraction (SAED) patterns in Fig. 7c and 7d, it is clear 

that the CoCrFeMnNi HEA still maintained a good FCC single-phase 

structure after the HIPIB irradiation, which agrees with the XRD re- 

sult of Fig. 5. 

The HRTEM images of CoCrFeMnNi HEA at different depths af- 

ter  the  HIPIB  irradiation  of  0.3  J/cm2,  300  pulses  and  2.0  J/cm2, 

3 pulses were given in Fig. 8a1 -a4 and 8b1 -b4 , respectively. The 

irradiation-induced stacking faults (SFs) were observed in CoCr- 

FeMnNi HEA within the depth range of 0–2 μm for both irradia- 

tion of low energy density, multiple pulses (0.3 J/cm2, 300 pulses) 

and high energy density, few pulses (2.0 J/cm2, 3 pulses), as indi- 

cated by the red arrows. HEA has lower stacking fault energy (SFE) 

than conventional alloys due to severe lattice distortion [50], and 
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Fig. 6.  (a) θ −2θ XRD patterns of CoCrFeMnNi HEA before and after HIPIIB irradiation; (b) the enlarged patterns of (111) plane diffraction peak in (a). 

 

the SFE of CoCrFeMnNi HEA is only ∼20 mJ/m2 [51]. The low SFE 

means that SFs are more likely to form in HEA, and irradiation- 

induced SFs have also been observed within  ion  range  in  other 

studies about HEA  [52,53].  The  ion  collisions,  high  temperature 

and stress all promoted the migration of  vacancies  to  form  SFs, 

where both the influence  depths  of  temperature  and  stress  were 

more than 2  μm  (Fig.  2  and  3),  hence  the  SFs  also  generated 

at the depth beyond  the  ion  range.  The  angle  between  SFs  can 

be found in some HRTEM images as ∼70.5°, which is consistent 

with the angle between (111) crystal planes in the SAED spectrums 

(Fig. 7c and 7d). This indicated that SFs were located in (111) crys- 

tal planes. The (111) crystal planes are the close-packed planes of 

the FCC structure, on which defects such as dislocation rings or SFs 

are more likely to form. 

The positrons annihilate with electrons at defects, and emit 

γ photons with the energy of 511 keV. Due to the Doppler ef- 

fect from the momentum of annihilated electron, the energy shift 

widens the energy of γ  photons. The S parameter is defined as 

the ratio of the counts in central low electron-momentum area 

(510.2–511.8 keV) in the DBS to the total counts (499.5–522.5 keV), 

characterizing the annihilation of positrons with the valence elec- 

trons, and increases with the volume fraction of vacancy-type de- 

fects. The W parameter is defined as the ratio of the counts in 

two flanks high electron-momentum regions (513.6–516.9 keV and 

505.1–508.4 keV) to the total counts, characterizing the annihila- 

tion of positrons with the core electrons, and is sensitive to the 

chemical nature at the annihilation site. The accelerated energy 

range of the positrons injecting into CoCeFeNiMn HEA  was 0.5– 

25 keV, and the corresponding injected depth R was given by the 

empirical formula[54]: 

R =   
40  

E
1.6

, (3) 

where  ρ  is  the  density  of  CoCrFeMnNi  HEA  with  the  value  of 

8.059 g/cm3; E is the energy of injected positron. 

Fig. 9a shows the distributions of S parameter with depth for 

CoCrFeMnNi HEA before and after the irradiation of 0.3 J/cm2, dif- 

ferent pulses. Positron annihilation measurements are sensitive to 

the processing history of the sample (e.g., annealing and polish- 

ing). Due to the damage of  the  surface  by mechanical polishing, 

the S parameter of the pristine CoCrFeMnNi HEA showed a ten- 

dency to first decrease, then increase and finally stabilize. The 

unannealed as-cast sample had higher vacancy concentration com- 

pared to the well annealed CoCrFeMnNi HEA (annealed at 1200 °C 

for 3 h followed by water-quenching). Due to the high  configura- 

tional entropy, the equilibrium vacancy concentrations in HEA are 

substantially larger than those  in  pure  metal  and  conventional  al- 

loy (such as 316 L steel) [55,56], and the pristine CoCrFeMnNi HEA 

has a high S parameter ∼0.475. After the irradiation of 0.3 J/cm2, 

3 pulses, the S parameter did not change obviously in the cascade 

collision region (0–400 nm), while decreased  slightly  in  the  400– 

900 nm  depth region. When the  number of  pulses increased to 100 

and 300, the vacancy-type defects increased significantly in  the 

cascade collision region, while gradually decreased to the value be- 

low the un-irradiated CoCrFeMnNi HEA in the 400–900 nm depth 

region.  The  SRIM  simulation  shows  that  after  the  irradiation  of 

0.3 J/cm2, 300 pulses, the ion beam effect produced a large num- 

ber of vacancies in the cascade collision region (Fig. 1a), which is 

the main factor leading to the increase of S parameter. Meanwhile, 

SFs induced by the irradiation (Fig. 8) also contributed to the in- 

crease of S parameter. There are numerous vacancies in the pristine 

CoCrFeMnNi HEA, and the thermal effect can increase the mobility 

of vacancies and interstitials, thus promoting their recombination 

and reducing the S parameter. In addition, due to the self-healing 

mechanism of HEA, the enhanced vacancy-interstitial spontaneous 

recombination radii also further increase the recombination rate of 

point defects during irradiation [17]. In the cascade collision re- 

gion of CoCrFeMnNi HEA under the irradiation of 0.3 J/cm2, 100– 

300 pulses, the competition occurred among the ion beam effect, 

the generation of SFs and the thermal effect, and the ion beam ef- 

fect played a major role, leading to the increase of S parameter. At 

the depth of 400–900 nm, the influence of ion beam effect grad- 

ually decreased, on the contrary, the thermal effect was dominant 

and its range of influence was far beyond the positron annihilation 

measurement range, leading to the reduced S parameter. Fig. 9b 

shows the distributions of S parameter with depth for CoCrFeMnNi 

HEA before and after the irradiation of different energy densities, 3 

pulses. When the energy densities were 0.3–1.2 J/cm2, the stronger 

thermal effect led to the decrease of S parameter with the increas- 

ing of energy density, but the S parameter no longer decreased at 

2.0 J/cm2. According to the simulation of temperature field, the 
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Fig. 7. The TEM cross-sectional images of CoCrFeMnNi HEA after the HIPIB irradiation: (a) 0.3 J/cm2 , 300 pulses and (b) 2.0 J/cm2 , 3 pulses; (c) and (d) are the SAED patterns 

of (a) and (b) along [110] zone axis in the range of 0–400 nm, respectively. 

 

maximum temperature of CoCrFeMnNi HEA exceeded its melting 

point at 1.2 J/cm2 and 2.0 J/cm2, and the remelting made the va- 

cancies and interstitials fully recombine. From Fig. 9a and 9b, the 

S parameters of the  irradiated  samples were  all  larger  than  that 

of the well annealed sample, indicating that there were more de- 

fects in the irradiated samples. Because the irradiation of multiple 

pulses and low energy density had stronger ion beam effect (Fig. 1) 

and weaker thermal effect (Fig. 2) than the irradiation of high en- 

ergy density with few pulses,  the defects accumulated  heavily in 

the cascade collision region, which is consistent with the results 

observed in the TEM images (Fig. 7). 

Fig.10 shows the S-W plots of CoCrFeMnNi HEA before and af- 

ter HIPIB irradiation. The slope variation of the S-W curve reflects 

the change of defect types in the material [53,57]. The S-W curve 

of the well annealed and electrochemically polished CoCrFeMnNi 

HEA showed a straight line, while the mechanical polishing intro- 

duced additional damage on surface and the S-W curve of the as- 

cast pristine sample exhibited both the surface state and the bulk 

state (Fig. 10a). The bulk state defect (slope I) of the pristine sam- 

ple was an inherent vacancy defect. Fig. 10b shows the S-W plot af- 

ter the irradiation of 0.3 J/cm2, different pulses. It is observed that 

there is a defect state (slope II) apart from the surface state and 

the bulk state for the pristine sample. As the number of pulses in- 

creased, the slope remained the same, but the S-W curve shifted 

to the lower right, which  means  that  the  number  of  pulses  did 

not change the defect type  but increased the concentration. When 

the energy density reached 0.5 J/cm2 (Fig. 10c), the enhanced ther- 

mal effect promoted the recombination of vacancies with intersti- 

tials, resulting in an evident decrease of vacancies, and only the 

defect state of slope Ⅱ  was shown in the S-W plot. When the en- 

ergy densities were up to 1.2 J/cm2 and 2.0 J/cm2, a new type of 

defect (slope Ⅲ ) appeared in addition to the type of slope Ⅱ . Com- 

bined with the results of HRTEM, for the CoCrFeMnNi HEA after 

0.3 J/cm2, 300 pulses and 2.0 J/cm2, 3  pulses  irradiation,  SFs  de- 

fects were produced, and the defect type  of  slope  II  in  the  S-W 

curve of both samples should be  correlated  with  SFs  defects.  No- 

tice that the S parameter of the S-W curve for  slope  III  did  not 

change  significantly,  while  the  W  parameter  increased,  indicating 



8 

 

 

 

 
 

 
 

Fig. 8. HRTEM images of CoCrFeMnNi HEA at different depths after HIPIB irradiation: (a1 -a4 ) 0.3 J/cm2 , 300 pulses and (b1 -b4 ) 2.0 J/cm2 , 3 pulses; subscripts 1–4 correspond 

to the region of near surface, 300 nm depth, 1 μm depth and 2 μm depth, respectively; the electron beam is along [110] zone axis. 
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Fig. 9.  S-depth curves for the CoCrFeMnNi HEA before and after HIPIB irradiation: (a) 0.3 J/cm2 , different pulses and (b) different energy densities, 3 pulses. 

 

 
Fig. 10. S-W plots for the CoCrFeMnNi HEA before and after HIPIB irradiation: (a) pristine and well annealed, (b) 0.3 J/cm2 , different pulses, (c) 0.3–0.5 J/cm2 and (d) 

1.2–2.0 J/cm2 , 3 pulses; Ⅰ , Ⅱ  and Ⅲ  are different types of slopes, respectively. 

 

a change of the elemental distribution around vacancy-type  de- 

fects [58]. After 1.2 J/cm2 and 2.0 J/cm2 irradiation, the elements of 

CoCrFeMnNi HEA redistributed due to the rapid remelting and so- 

lidification, and the change of elements around the vacancies may 

lead to the generation of the defect of slope III type. 

The surface morphology images of the CoCrFeMnNi HEA be- 

fore and after HIPIB irradiation are given in Fig. 11. The surface of 

the un-irradiated CoCrFeMnNi HEA was smooth and flat (Fig. 11a). 

When the energy density was 0.3 J/cm2, no significant irradiation 

damage was observed on the surface of CoCrFeMnNi HEA even af- 

ter the pulses reached 300 times (Fig. 11c). There was no signifi- 

cant change after the irradiation of 0.5 J/cm2, 3 pulses (Fig. 11d), 

either. When the energy density increased to 1.2 J/cm2 (Fig. 11e) 

and 2.0 J/cm2 (Fig. 11f), the craters formed. There are many rea- 

sons for the generation of craters (such as the preferential vapor- 

ization of low melting point elements [59,60] or the hitting of im- 

purities from ion source diode on the material surface [61], etc.), 

but there is no unified statement so far. However, the melting of 

material surface is a necessary condition for generating craters. By 

the simulation of temperature field, remelting of the surface layer 

occurred at 1.2 J/cm2 and 2.0 J/cm2, and the melting region was 

deeper and the melting duration was longer at 2.0 J/cm2 (Table 1). 

With the increase of melting duration, the crater edge of the annu- 

lar bulge diffused to both sides due to the effect of surface tension 

at the melting state [62], resulting in the larger crater size and flat- 

ter edge at 2.0 J/cm2. The effect of energy density on the surface 

morphology of CoCrFeMnNi HEA is greater than the pulses. 
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Fig. 11. The SEM morphology images of the CoCrFeMnNi HEA before and after HIPIB irradiation: (a) pristine, (b) 0.3 J/cm2 , 3 pulses, (c) 0.3 J/cm2 , 300 pulses, (d) 0.5 J/cm2 , 

3 pulses, (e) 1.2 J/cm2 , 3 pulses, (f) 2.0 J/cm2 , 3 pulses. 

 

In previous experiment, cracks appeared on the surface of tung- 

sten  after  the  HIPIB  irradiation  of  0.25  J/cm2,  100  pulses  and 

1.4 J/cm2, 3 pulses [49]. The surface cracks of CoCrFeMnNi HEA 

were  not  observed  under  the  stronger  irradiation  conditions  of 

0.3 J/cm2, 300 pulses or 2.0 J/cm2, 3 pulses. CoCrFeMnNi HEA has 

a lower SFE due to its severe lattice distortion, and the high-level 

chemical disorder leads to variation in local lattice potential and 

SFE, forming a high resistance to dislocation slip [63]. As a result, 

the  fracture  toughness  of  CoCrFeMnNi  HEA  (∼217  MPa•m1/2  [64]) 

is  much  higher  than  that  of  the  tungsten  (∼30  MPa•m1/2  [65]), 
which inhibits the generation of cracks. Therefore, CoCrFeMnNi 

HEA has stronger resistance to HIPIB irradiation-induced crack than 

tungsten. 

The variations of hardness with depth of CoCrFeMnNi HEA be- 

fore and after HIPIB irradiation were shown by Fig. 12. The hard- 

ness near surface of CoCrFeMnNi HEA decreased after irradiation, 

and the difference was  not  identified  between  various  irradia- 

tion conditions. The SF defects (as a pegging effect) and residual 

stresses produced by irradiation contributed  to  hardening,  while 

the thermal effect decreased the hardness near surface by elimi- 

nating the cold-work hardening produced by the mechanical pol- 

ishing of surface. The difference in hardness before and after irra- 

diation gradually disappeared with increasing depth, and the hard- 

ness was almost the same at 2 μm depth. Similar softening by 

eliminating the cold-work hardening was also observed in tung- 

sten irradiated by HIPIB [49]. 

HIPIB irradiation produced ion beam effect, thermal effect and 

shock wave effect within the CoCrFeMnNi HEA, resulting in a large 

number of vacancies, high temperature and high stress. The three 

effects synergistically affected the microstructure, surface morphol- 

ogy and mechanical properties of CoCrFeMnNi HEA. The distribu- 

tions of dpa and ions concentrations with depth (the ion beam ef- 

fect), and the evolutions of temperature and  thermal stress  with 

time and space (thermal effect and shock wave effect) were sim- 

ulated. Sort the three effects by influence depth, the result is: 

 

 
 

Fig. 12. The depth-dependent variations of hardness for the CoCrFeMnNi HEA be- 

fore and after HIPIB irradiation. 

 

 

 

 

shock wave effect > thermal effect > ion beam effect. The max- 

imum temperature of CoCrFeMnNi HEA irradiated with the energy 

density of 1.2 J/cm2 and 2.0 J/cm2 exceeded the melting point. 

Remelting led to the formation of craters, while the tensile stress 

caused by rapid solidification increased the lattice parameter of the 

remelted layer slightly. The higher lattice strain energy due to the 

higher lattice distortion of HEA suppresses the change in lattice 

parameter. For the CoCrFeMnNi HEA that did not reach the melt- 

ing point, the lattice parameter changes were less than those of 

the tungsten under similar conditional irradiation. In addition, the 

compressive stress produced by shock wave effect was greater than 

the yield strength, resulting in the compression of lattice within 

the CoCrFeMnNi HEA. After HIPIB irradiation, CoCrFeMnNi HEA still 
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maintained the FCC single-phase structure without change and had 

good phase stability. 

After the irradiation of 0.3 J/cm2, 100–300 pulses, due to the 

ion beam effect, a large number of vacancies accumulated in the 

cascaded collision region (0–400 nm), resulting in an obvious de- 

fect layer. The pristine CoCrFeMnNi HEA has a high concentration 

of vacancies because of the high configurational entropy. After the 

irradiation of 0.5–2.0 J/cm2, 3 pulses, the thermal effect promoted 

the recombination of vacancies with  interstitials,  thus  decreased 

the concentration of vacancies. The severe lattice distortion makes 

CoCrFeMnNi HEA have a lower stacking fault energy than conven- 

tional alloys, meanwhile ion collisions, high temperature and stress 

all promoted the migration of vacancies to form SFs, so that the 

SFs generated even at the depth far beyond the ion range. After 

1.2 J/cm2 and 2.0 J/cm2 irradiation, a new type defects generated 

in CoCrFeMnNi HEA because of the redistribution of elements by 

rapid remelting and solidification. 

CoCrFeMnNi HEA has a lower SFE, and its high-level chemical 

disorder leads to variation of local lattice potential and SFE, form- 

ing a high resistance to dislocation slip, which gives much higher 

fracture toughness to CoCrFeMnNi HEA than tungsten. Therefore, 

CoCrFeMnNi HEA has stronger resistance to HIPIB irradiation- 

induced crack than tungsten, and no cracks were produced under 

similar conditions of HIPIB irradiation. 

 

 
4. Conclusion 

 
CoCrFeMnNi HEA with single-phase FCC structure was irradi- 

ated by HIPIB to investigate the effects of thermal shock irradiation 

on its microstructure, surface morphology and mechanical proper- 

ties. The following conclusions were obtained: 

 
a) After HIPIB irradiation, the rapid solidification and shock wave 

effect produced residual  stress  in  the  CoCrFeMnNi  HEA,  but 

the CoCrFeMnNi HEA maintained the FCC single-phase  struc- 

ture and had good phase stability. Due to the high lattice strain 

energy, the lattice parameter changes of CoCrFeMnNi HEA were 

less than those of tungsten under similar conditional HIPIB ir- 

radiation. 

b) The ion beam effect of irradiation produced a large number of 

vacancies within the CoCrFeMnNi HEA through cascade colli- 

sions after the irradiation of multiple pulses, low energy den- 

sity (0.3 J/cm2, 100–300 pulses). The pristine CoCrFeMnNi HEA 

has numerous vacancies, and the thermal effect promoted the 

recombination of vacancies with interstitials, reducing the con- 

centration of vacancies after the irradiation of high energy den- 

sity, few pulses (0.5–2.0 J/cm2, 3 pulses). In addition, the gener- 

ation of SFs was observed after all irradiation conditions, and a 

new type defects generated because of the redistribution of el- 

ements by rapid remelting and solidification after 1.2 J/cm2 and 

2.0 J/cm2 irradiation. 

c) The surface layer of CoCrFeMnNi HEA remelted and produced 

craters after the irradiation of 1.2 J/cm2 and 2.0 J/cm2. Due to 

the large compositional complexity and the high-level chemical 

disorder, CoCrFeMnNi HEA exhibited better irradiation-induced 

cracks resistance than the tungsten after similar conditional 

HIPIB irradiation. 
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