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a b s t r a c t 

High-entropy alloys (HEAs) have been considered as a promising candidate for nuclear engineering due 

to their intriguing irradiation tolerance. The microstructure stabilities, including the radiation-induced 

precipitation (RIP), swelling, and segregation (RIS) in HEAs, are of great significance for applications. In 

this paper, the Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA was irradiated by high-energy Au 2 + ions with a peak dose of ∼
70 displacements per atom (dpa). The formation of voids, nanoscale precipitation, segregation, and me- 

chanical properties before and after irradiation was characterized carefully, using scanning/transmission 

electron microscopy (S/TEM), atom probe tomography (APT), and nanoindentation. The results indicate 

that the HEA presents a very low swelling rate of ∼ 0.002%/dpa. After irradiation, no nanoscale precip- 

itation is observed, confirming the excellent stability of the HEA microstructure. The RIS is observed for 

the first time at nanotwin boundaries in the HEA after irradiation. The elements, Co and Ni, are enriched 

slightly, while Fe, Cr, and Mn depleted on the nanotwin boundaries after irradiation. The irradiation- 

induced segregation level is obviously suppressed in the HEA due to the sluggish atom diffusion. The 

hardness remains almost unchanged after irradiation. The nanotwin boundaries act as defect sinks to ab- 

sorb irradiation-induced vacancies and interstitials, reducing the swelling rate and relieving hardening. 

The low swelling, weak RIS level, and almost no hardening after a high dose irradiation indicate that the 

Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA possesses an outstanding irradiation tolerance. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The development of next-generation fission and fusion reactors 

equires advanced structural materials possessing good microstruc- 

ure stability and excellent radiation tolerance under extreme en- 

ironments, such as the high irradiation dose and elevated tem- 

eratures [ 1 , 2 ]. High-entropy alloys (HEAs) have attracted a great 

nterest due to their excellent properties, such as great mechanical 
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roperties, high irradiation and corrosion resistance, which make 

hem good candidates for core components in next-generation nu- 

lear reactors [ 3 –8 ]. Recent studies have shown that HEAs exhibit 

n excellent radiation tolerance, as compared to the traditional nu- 

lear materials, since their alloy complexity reduces defect mobil- 

ty and alters migration paths on a modified energy landscape, al- 

ering defect dynamics to promote defects annihilation and ulti- 

ately enhancing radiation resistance [ 2 , 9 –13 ]. 

Precipitation and phase separation may occur under irradiation 

ue to the compositional complexity of HEAs, inducing the struc- 

ure and composition change, which may reduce the performances 

e.g., swelling and embrittlement) [14] . Therefore, the composition 

nd structure stabilities of HEAs under irradiation are critical for 

he applications as nuclear materials. The solute redistribution at 

efect sinks induced by irradiation is generally referred to as the 
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Fig. 1. The profiles of the damage (dpa) and distribution of the Au 2 + ions along the 

depth calculated by SRIM for the Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA. 
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adiation-induced segregation (RIS). When the content of segre- 

ated solute atoms at a sink reaches the limit of solubility in the 

lloy, a new phase can nucleate and grow, leading to the radiation- 

nduced precipitation (RIP) [15] . Since the mid-seventies, many RIS 

nd RIP phenomena have been reported in structural materials of 

uclear reactors or model alloys [ 16 –19 ]. In general, the former is

onsidered as one of the main factors to irradiation-assisted stress 

orrosion cracking (IASCC) [20] , and the latter leads to the hard- 

ning and embrittlement of materials. For example, the RIS of Cr 

t grain boundaries in austenitic stainless steels results in the oc- 

urrence of IASCC [20] . The hardening and embrittlement of pres- 

ure vessel steels are generally attributed to the RIP of Cu-rich 

anoclusters [ 21 –24 ]. However, there are not sufficient experimen- 

al studies on the irradiation behaviors in HEAs. Lu et al. report 

he RIS behaviors of NiFe, NiCoFe, NiCoFeCr, and NiCoFeCrMn on 

islocation loops and voids, and they find that the RIS level is 

reatly reduced by increasing the compositional complexity [25] . 

he equiatomic CoCrFeNiMn HEA exhibits the enhanced radiation 

olerance and suppression of the formation of voids under the Ni- 

on irradiation [26] . But the significant Mn depletion and Co and 

i enrichment at grain boundaries are observed. 

It is known that twin boundaries, grain boundaries, and pre- 

xisting precipitates all can act as defect traps enhancing the irra- 

iation tolerance, such as reducing the swelling rate/hardening and 

reventing RIP [ 27 –29 ]. A large number of studies focus on the

rain boundaries and pre-existing precipitates. Twin boundaries 

re more stable than other common interfaces [30] . Meric de Belle- 

on et al. found that swelling can be suppressed in regions con- 

aining a high density of closely-spaced deformation twin bound- 

ries in a nanotwinned austenitic stainless steel [27] . Both coher- 

nt and incoherent twin boundaries are critical to remove some of 

he most stable defect clusters (SFTs) induced and defect loops by 

adiation in nanotwinned Ag, improving radiation-tolerant proper- 

ies [ 31 , 32 ]. However, to our knowledge, there are very few reports

n the effects of twin boundaries on the irradiation tolerance, es- 

ecially in HEAs. It is known that face-centered-cubic (FCC) HEAs 

ossess extreme-low stacking fault energies and thus, are easy to 

orm twins [33] . Therefore, it is vital to understand the effects of 

anotwin boundaries on the swelling, RIP, and RIS in HEAs to de- 

elop irradiation-tolerant HEAs. 

It is reported that the equivalent FeCrNiCoMn HEA can pro- 

ide a good irradiation resistance [ 11 , 12 , 34 ]. The FeCrNiCoMn sys-

em possesses the low stacking fault energy (SFE, 21 mJ/m 

2 ) [35] , 

nd a high density of twins after dynamic recrystallization [ 36 , 37 ].

e et al. proposed a criterion that when all elemental pairs sat- 

sfy − 7 kJ / mol ≤ �H mix ≤ 0 (for example, FeCrNiCo without Mn), 

he alloy microstructure remains stable up to 1 dpa [34] . In ad- 

ition, previous studies indicate that Fe doping in Ni can greatly 

elay the defect evolution [38] and decrease the swelling [39] . In 

his paper, starting from the equivalent FeCrNiCoMn system, the 

ontent of Fe is increased to delay the defect evolution and de- 

rease the swelling. In order to balance the increase in Fe, the 

ontent of Mn is reduced. For Fe-Mn-based systems, when the 

n content is from 16 at.% to 33 at.%, the decrease in Mn de- 

reases SFE by 18 mJ/m 

2 per 1 at.% Mn [ 40 –42 ]. The reduction

n Mn can also retain the low SFE, benefiting to the formation 

f twins. Thus, a novel HEA with the optimized composition of a 

on-equivalent Fe 30 Cr 25 Ni 20 Co 15 Mn 10 is developed. By this way of 

he composition design, a high density of nanotwins can be ob- 

ained to investigate the role of nanotwin boundaries on the irradi- 

tion tolerance. Most of the previous studies mainly focused on the 

igh temperature and low doses ( < 10 dpa) irradiation [ 34 , 43 , 44 ].

owever, the irradiation responses of HEAs at high temperatures 

nd low doses are drastically different from those at room tem- 

erature and high doses ( ≥ 10 dpa) [14] . Thus, In order to ex- 

lude the effect of temperature, here we irradiated the HEA to 
2 
 high dose of ∼ 70 dpa at room temperature using heavy ions 

o trace the microstructure evolution. The microstructure evolu- 

ion, RIP, and RIS in the newly-developed Fe 30 Cr 25 Ni 20 Co 15 Mn 10 

EA are studied by the nanoindentation, atom probe tomography 

APT), and scanning/transmission electron microscopy (S/TEM). The 

pecial attention is paid to the estimation of the sink strengths 

f different types of sinks for defects induced by ion irradiation. 

he mechanisms for the enhanced irradiation tolerance of the 

e 30 Cr 25 Ni 20 Co 15 Mn 10 alloy under high doses of heavy ion irradia- 

ion are discussed in detail. 

. Experimental 

The Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA was prepared, using high vac- 

um arc melting with high-purity ( > 99.9%, weight percent) raw 

aterials and drop-cast into a ϕ20 mm water-cooled copper mold. 

he as-cast ingots were homogenized at 1200 °C for 1 h, followed 

y water quenching. The as-quenched samples were then cold 

olled to an 80% thickness reduction to introduce a large amount 

f nanotwins. The as-rolled samples were then annealed at 10 0 0 °C 

or 1 h. 

The microstructure for the un-irradiated sample was observed, 

sing the Electron Back-scattered Diffraction (EBSD) on a Hitachi 

3400 scanning electron microscope equipped with the HKL Chan- 

el 5 software [45] . X-ray diffraction (XRD) was conducted on a 

IGAKU diffractometer (Panalytical Empyrean) equipped with Cu 

 α radiation. The Williamson-Hall method was used to measure 

he dislocation density from the XRD data [ 46 , 47 ]. 

The Au 

2 + -ion irradiation was conducted in the accelerator-ion 

acilities of the Sichuan University. The prepared HEA samples 

3 × 7 × 0.4 mm 

3 ) were irradiated by 6 MeV Au 

2 + at a fluence

f 1 × 10 16 ion/cm 

2 . The dose rate is 0.006 dpa/s. The irradiation 

as performed at 51 ± 10 °C. The profiles of the damage rate in 

pa and distribution of the implanted Au 

2 + ion were calculated on 

he Stopping and Range of Ions in Matter (SRIM 2008) [48] . Full 

amage Cascade model is use for the SRIM calculation. The dis- 

lacement threshold energy E d for Fe, Cr, Ni, Co and Mn elements 

s all 40 eV [ 49 , 50 ]. After irradiation, the obtained peak dose was

70 dpa at about 400 nm along the depth as shown in Fig. 1 . 

Three-dimensional APT was conducted to investigate the RIP 

ehavior. APT was performed, using the CAMEACA LEAP 50 0 0 R 

n a high-voltage electric pulse mode. The data is collected at a 

emperature of 60 K, and the pulse frequency and pulse ratio are 

00 kHz and 20%, respectively. An evaporation detection rate of 

.1% atom per pulse for the voltage pulse mode was used. The 
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Fig. 2. (a) Typical microstructure of the annealed Fe 30 Cr 25 Ni 20 Co 15 Mn 10 alloy, showing a large number of annealing twins, (b) the bright-field TEM image from the FIB 

sample, showing plenty of nanotwins (red arrows) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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eedle-shaped specimen for APT was prepared at the required po- 

itions from the implanted surface by annular milling in a FEI Nova 

00 focused ion beam/scanning electron microscope (FIB/SEM). 

mago Visualization and Analysis Software version 3.8 was used for 

reating the 3D reconstructions and data analysis [20] . As all the 

lements distribute uniformly, isoconcentration surfaces are not 

sed in the reconstruction of APT. 

The microstructure evolution and RIS were studied by TEM and 

nergy dispersive x-ray spectroscopy (EDS) in a STEM (FEI Ta- 

os F200). Cross-sectional TEM specimens along the depth direc- 

ion from the irradiated surface were prepared by the Focused Ion 

eam (FIB) method using the conventional lift-out technique. The 

hickness of TEM sample was measured by convergent-beam elec- 

ron diffraction (CBED). An un-irradiated control sample was also 

repared with the same method. RIS on twin boundaries were 

haracterized, using the STEM bright-field EDS line scanning [51] . 

anoindentation tests were conducted on an Agilent Nano Inden- 

er G200 with a Berkovich diamond tip to trace the hardness vari- 

tions before and after ion irradiation. At least ten points for each 

ample were taken to obtain an average value. 

. Results 

.1. The microstructure and phase components before irradiation 

The typical microstructure of the annealed 

e 30 Cr 25 Ni 20 Co 15 Mn 10 alloy is shown in Fig. 2 a. A completely-

ecrystallized microstructure along with a large number of 

nnealing twins can be observed, indicating that the SFE of this 

EA system is low enough. The mean grain size ( d g ) is deter-

ined by a linear intercept method as ∼ 42 μm with a standard 

eviation of 26 μm. The substructure was characterized by TEM 

o observe the nanotwins, as presented in Fig. 2 b. It is obvious 

hat there are two sets of twins in the alloy, annealing twins with 

 large size and nanotwins. The thickness of twins, d t , can be 

xpressed as [52] 

 t = ql (1) 

here q is an aspect ratio, and l is the twin length. q and l are

escribed as follows [53] : 

 

∼= 

0 . 53 − 1 

2 N L 

√ 

1 . 14 N 

2 
L 

− π

2 

N A V V (2) 

 

∼= 

8 N L 

πN A 

(
π

4 

− 0 . 36 q 

)
(3) 

here N L is the number of twins intercepting a line of unit length, 

 is the number of twins per unit area, and V is the volume
A V 

3 
raction of twins. The areal fractions of twins are measured, em- 

loying a point counting analysis with a rectangular net, which is 

ssumed to be equivalent to the volume fraction ( V V ) [ 54 , 55 ]. For

he large-size annealing twins, N L = 15.33 mm 

−1 , N A = 469 mm 

−2 ,

 V = 0.22, and d t = 11.64 μm can be obtained. For nanotwins, 

 L = 2.39 × 10 3 mm 

−1 , N A = 5.45 × 10 7 mm 

−2 , V V = 0.069, and

 t = 28 nm can be obtained. 

The mean number of twins per grain, N G , can be described as 

53] 

 G = 

N V 

N 

′ 
V 

= 

N A d 
3 

0 . 57 lk ( q ) 
(4) 

here d is the linear intercept grain size (0.053 mm for both an- 

ealing and nanotwins), and k(q) is a geometrical function of the 

spect ratio [53] . 

 ( q ) = 

1 

2 

[ 

q + 

si n 

−1 
√ 

1 − q 2 √ 

1 − q 2 

] 

, for q < 4 , k ( q ) ∼= 

0 . 12q + 

π

4 

(5) 

Thus, the number of twins per grain, N G , can be estimated as 

.5 and 2.36 × 10 8 per grain for annealing and nanotwins, re- 

pectively. It is very clear that the number density of nanotwins 

s far higher than that of annealing twins. Therefore, the nanotwin 

oundaries can play the main role in the defects absorption com- 

ared to the annealing twins. The total volume of nanotwins in 

 single grain ( V t ) and the volume of single grain ( V g ) are calcu-

ated. The nanotwins are assumed to be oblate spheroids. There- 

ore, the nanotwin and the grain can be treated as oblate cylinder 

nd sphere while calculating their volume. The grain size ( d ), nan- 

twin thickness ( d t ), aspect ratio ( q ) and the number of twins per

rain ( N G ) are 53 μm, 27 nm, 0.36 and 2.36 × 10 8 , respectively. V t 

nd V g can be calculated using following equations: 

 t = πd t N G 

(
d t /q 

2 

)2 

(6) 

 g = 

4 

3 

π

(
d 

2 

)3 

(7) 

Thus, the V t and V g can be estimated as 2.8 × 10 −14 and 

.8 × 10 −14 m 

3 . The results show that the total volume of nan- 

twins in a single grain is obviously smaller than that of single 

rain. Considering the error of statistical results, these conclusions 

eem to be reasonable. 

The X-ray patterns from the as-cast and annealed 

e 30 Cr 25 Ni 20 Co 15 Mn 10 are presented in Fig. 3 . Only FCC peaks are

dentified in both samples, showing that the Fe Cr Ni Co Mn 
30 25 20 15 10 
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Fig. 3. XRD patterns of the as-cast and annealed Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA. 
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EA exhibits the single FCC phase. The dislocation density, ρd , 

s estimated roughly to be 4.56 × 10 13 m 

−2 in 10 0 0 °C-annealed 

amples based on the XRD result. 

.2. Formation of voids in the HEA upon Au 2 + ion irradiation 

To investigate the microstructure and the formation of 

rradiation-induced voids along the depth of the irradiation di- 

ection, the microstructure from the surface down to the depth 

f ∼ 3750 nm was characterized, as presented in Fig. 4 a. The 

orresponding selected area diffraction (SAED) pattern inserted in 

ig. 4 b shows two sets of diffraction spots, demonstrating the ex- 

stence of twin structures. 

The higher-magnification micrographs of voids in the corre- 

ponding white regions of Fig. 4 a are shown in Fig. 4 c and d.

he bright-field (BF) TEM on both under- (white dot) and over- 

ocused (black dot) modes was performed [44] , and a large number 

f small voids was observed. The diameters of voids span from 3 

o 8 nm, and a mean size of ∼ 5 nm can be estimated. The voids

ainly distribute between 500 and 2500 nm in depth from the 

urface, and there are almost no voids over 30 0 0 nm. It should be

oted that the dose peak locates at around 400 nm in depth from 

he surface (SRIM results in Fig. 1 ). This trend indicates that the 

ormation locations of the voids do not match with the dose-peak 

osition. The number density of voids in Fig. 4 c is obviously lower 

han that in Fig. 4 d, indicating that most of the voids form behind

he dose peak. 

In the early studies, it is verified that high entropy alloys pos- 

ess the slow diffusion effect by interdiffusion experiments with 

he Darken manning formalism for analysis, quasi-binary approach, 

nd theoretical calculations [56] . The effective diffusion rate of 

toms in HEAs is seriously affected by the interaction between dif- 

erent atoms and the lattice distortion. The slow diffusion in HEAs 

s attributed to the large lattice potential energy fluctuation, which 

roduces more significant atomic traps and blocks, resulting in the 

igher activation energy of diffusion [57] . However, the slow dif- 

usion of elements cannot be observed directly in some HEAs in 

ecent studies [58] . But for both sides of supporting the sluggish 

iffusion in HEAs or not, it is accepted that the complexity of lat- 

ice structures plays a more important role in diffusion in HEAs 

59] . In traditional alloys, interstitial atoms diffuse fast and vacan- 

ies diffuse slowly. Vacancies retain after interstitial atoms migrat- 

ng and then aggregate to form voids. However, due to the exis- 

ence of large lattice distortion in high-entropy alloys, it may limit 

he interstitial atom diffusion, and help the diffusion of vacancies, 
4 
eading to the opposite phenomenon from the traditional alloys: 

n high-entropy alloys, the diffusion of vacancies may be fast and 

he diffusion of interstitial atoms may be slow, causing the for- 

ation of voids to deviate from the results of SRIM calculations. 

his phenomenon was also observed in Ni-20Fe/Cr/Mn/Pd [60] , 

iCoFe [12] , FeCrNiCoMn [ 12 , 50 ], and NiCoFeCrPd [ 50 , 61 ]. Most of

he interstitial clusters in HEAs were immobile and retained within 

he defect-production region, resulting in a high defect recombina- 

ion rate in this region. Molecular dynamics simulations of one- 

imensional (1D) and 3D motions of interstitial clusters under ion 

rradiation show that only the vacancies that escaped from the 

ascade-formation range may agglomerate into voids in the deeper 

egions, while most vacancies are likely annihilated by interstitials 

n the shallow region [12] , leading to the discrepancy between the 

oid distribution and damage distribution. In order to identify the 

ormation of voids induced by irradiation or sample preparation, 

n un-irradiated control sample with twin structures is also mea- 

ured for comparison, as shown in Fig. 5 . It is found that there are

o voids observed on both under- and over-focused modes in the 

n-irradiated control sample. Specifically, there are no voids near 

he depth of 500 and 2000 nm in the unirradiated control sample, 

s presented in Fig. 5 c and d (similar to the regions of Fig. 4 c and d

n the irradiated sample). Therefore, the formation of voids in the 

rradiated sample can be confirmed to be induced by irradiation. 

It can be seen from Fig. 4 c and d that the voids distribute 

part from the nanotwin boundaries, and no voids can be found 

utside the two sides of the nanotwin boundaries (The width be- 

ween the red dashed lines is around 25–30 nm). This trend in- 

icates that nanotwin boundaries can serve as vacancy traps to 

bsorb irradiation-induced vacancies and inhibit the formation of 

oids around twin boundaries, thus reducing the concentration of 

oids in the matrix. It is reported that twin boundaries are more 

table than other kinds of interfaces, and thus, they are more likely 

o play an advantageous role acting as sinks for irradiation-induced 

efects [ 27 , 30 , 62 –65 ]. For example, Meric de Bellefon et al. con-

rmed the effectiveness of deformation twin boundaries as sinks 

or point defects in an austenitic stainless steel [27] . The void den- 

ity is strongly affected and reduced by the presence of deforma- 

ion twin boundaries, showing an excellent radiation resistance. 

hey found that the swelling rate with deformation twin bound- 

ries in an austenitic stainless steel is 0.09%, which is obviously 

ower than that (3%) in the austenitic stainless steel without twin 

oundaries [27] . 

.3. Dislocation loops and clusters in irradiated and un-irradiated 

egions 

Fig. 6 shows the BF images of dislocations in irradiated and 

n-irradiated regions. A large number of the dislocation loops 

nd clusters can be found in both irradiated ( ∼400 nm) and un- 

rradiated regions ( ∼30 0 0 nm). The red arrows indicate that dis- 

ocation loops exist no matter before or after irradiation. In addi- 

ion, the density of dislocations seems to be unchanged. The re- 

ults show that irradiation has not induced obvious variations of 

islocations. 

.4. Radiation-induced precipitation and segregation 

Irradiation usually induces the solutes precipitation or seg- 

egation on boundaries or defects. APT was conducted to de- 

ect the irradiation-induced nanoscale precipitation. Fig. 7 shows 

he elemental distributions of Fe, Cr, Ni, Co, and Mn as well 

s the implanted Au atoms after irradiation from the position 

f 350 nm of the depth relative to the implanted surface. This 

epth is corresponding to the position, which possesses the maxi- 

um irradiation damage ( Fig. 1 ). It can be seen from Fig. 7 that
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Fig. 4. (a) The microstructure of the irradiated HEA along the depth from the surface. (b) The SAED of a nanotwin boundary. (c) and (d) are the under-focused magnifications 

of corresponding white regions in (a), respectively, showing the voids distribution (For interpretation of the references to color in this figure, the reader is referred to the 

web version of this article). 

Fig. 5. (a) The microstructure of the unirradiated HEA along the depth from the surface. (b) the SAED of the nanotwin boundary. (c) and (d) are the under-focused magnifi- 

cations of corresponding boxed regions in (a), respectively, showing no voids formation in the un-irradiated counterpart. 
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ll the elements, including the implanted Au atoms, distribute 

niformly, indicating that no precipitation occurs under irradia- 

ion. The actual composition determined from the APT result is 

lose to the nominal composition. These results confirm that the 

e 30 Cr 25 Ni 20 Co 15 Mn 10 HEA exhibits an extraordinary stability of 

icrostructures with a high dose up to 70 dpa. 

In order to investigate the RIS behavior, a STEM/EDS line scan- 

ing was performed across the nanotwin boundaries. A small scan- 

ing step of ∼ 4 points/nm was applied to ensure the measure- 

ent accuracy. To determine the effect of irradiation on the RIS, 
5 
he TEM samples were prepared carefully by FIB to observe a 

ide region from the sample surface to the depth of ∼ 3750 nm 

 Fig. 8 a). As the affected depth by the Au 

2 + irradiation is shallower

han 10 0 0 nm from the results of the SRIM calculation ( Fig. 1 ), and

he voids distribution can reach ∼ 30 0 0 nm. Thus, we define zones 

 and C in Fig. 8 a as irradiated and un-irradiated regions. The dis- 

ributions of Fe, Cr, Ni, Co, and Mn elements around twin bound- 

ries within zones, B and C, are shown in Fig. 8 b and c in the same

pecimen, respectively. From Fig. 8 b, Co and Ni are obviously en- 

iched while Fe, Cr, and Mn are depleted on the twin boundary in 
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Fig. 6. Dislocation loops and clusters in irradiated (a) and un-irradiated regions (b) of BF images with g = [200]. 

Fig. 7. APT maps of the elemental distributions of Fe, Cr, Ni, Co, and Mn as well as the implanted Au atoms upon irradiation. 

Fig. 8. (a) Bright-field TEM image from the surface to 3750 nm containing nanotwin boundaries. The RIS at nanotwin boundaries in (b) irradiated region (zone B in Fig. 8a) 

and (c) un-irradiated region (zone C in Fig. 8a). 
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Fig. 9. Hardness variations before and after Au 2 + irradiation. 
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he irradiated region ( ∼ 350 nm). There is no apparent segregation 

f implanted Au 

2 + ions. In the un-irradiated region of ∼ 3500 nm 

epth, no elemental segregation is observed around twin bound- 

ries, as presented in Fig. 8 c. These results indicate the segregation 

ehavior around the nanotwin boundaries by irradiation. 

.5. Evolution of mechanical properties upon irradiation 

Nanoindentation was performed to trace the irradiation- 

nduced variation in mechanical properties. The hardness versus 

epth before and after irradiation is shown in Fig. 9 . The data 

ithin 100 nm are not shown since the near-surface hardness data 

xhibit a large scatter due to the surface irregularities [23] . It is 

lear that the hardness decreases along the depth in both irra- 

iated and un-irradiated samples due to the indentation-size ef- 

ect [66] . The hardness value after irradiation with a high dose of 

70 dpa keeps almost unchanged from Fig. 9 . In this study, no 

recipitation occurs after irradiation as shown in Fig. 7 . It is re- 

orted that radiation hardening can be attributed to several poten- 

ial sources: (1) strain/work hardening, (2) void hardening, (3) pre- 

ipitate hardening and (5) dislocation loop hardening [67] . Among 

f the above factors, RIP or the formation of dislocation loops usu- 

lly act as the main obstacles to block the dislocation motion, re- 

ulting in the hardening/embrittlement of materials. For example, 

 model reactor pressure vessel (RPV) steel (known as JRQ) ex- 

ibited a 75% increment in hardness due to the Cu precipitation 

fter the Fe 2 + irradiation (1 dpa, 300 °C) [68] . In Fe-12.5at% Cr, 

he irradiation-induced hardness increase reached 1.0 GPa (28.6%, 

rom 3.5 GPa to 4.5 GPa) at 300 °C with 1 dpa due to the com-

ination of the formation of dislocation loops and the precipita- 

ion of α’ particles [69] . Dislocation loops can act as a strong hard-

ning source, and the decrease of its population will lead to the 

ecrease of loop-hardening [11] . Kumar et al. also found that the 

isible dislocation loops are the main contributors for irradiation 

nduced hardening of HEAs at room temperature irradiation [44] . 

n Ni-20Fe, the hardening effect induced by the increase of total 

oop (faulted loops and perfect loops) density is predominant [67] . 

he contribution to hardness of low density perfect loops of great 

ize and entangled dislocation of networks are much less than the 

aulted loops and high density of perfect loops [67] . However, no 

bvious variation of the dislocation before and after irradiation is 

bserved as shown in Fig. 6 , indicating that irradiation induced 

islocation may not lead to hardening in the HEA. 

Hardening caused by dislocation pile-up at the high density 

rain/twin boundaries can be much greater than the hardening in- 
7 
uced by a limited amount of nanovoids and dislocation loops for 

he for this nanocrystalline alloy. The grain-boundary strengthen- 

ng can be described as [70] 

y = σ0 + k y / d 
1 / 2 (8) 

here σ y is the yield stress, σ 0 is the lattice friction stress 

125 MPa [71] ), k y is the strengthening coefficient (226 MP μm 

1/2 

rom FeCoNiCrMn system [72] ) and d is the average grain diameter. 

y = 160 MPa is obtained. 

The strengthening by nanotwin boundaries can be described as 

ollows [73] : 

y = σo + k 

[ 
1 

d twin 

+ 

1 

D 

] 1 
2 

+ αGb 
√ 

ρd (9) 

d twin is the twin spacing, D is the crystallite size, G is the shear 

odulus (78.5 GPa [46] ), and b is the burger vector, ρd is the dis-

ocation density, k (226 MP μm 

1/2 [72] ) and α (0.2 for FCC metals) 

s constant. Then we can get σ y = 516 MPa. 

For the radiation hardening, only voids are observed in this 

tudy. According to Dispersed Barrier Hardening (DBH) model, con- 

ributions to hardening of nanoclusters can be described as [74] 

σ = MαGb 
√ 

dN (10) 

here M is the Taylor factor [46] , α is a constant, G is the shear

odulus of the matrix, b is the Burgers vector 

of gliding dislocations, N and d are the number density and 

ean size of voids, respectively. �σ is calculated to be 125 MPa. 

It is found that grain/twin boundary strengthening (hardening) 

ontributes to 676 MPa hardness, while radiation hardening in- 

uced by voids is only 125 MPa. Therefore, radiation hardening can 

e negligible compared to the grain-boundary strengthening (hard- 

ning). However, although the voids are observed in this study, 

o hardening is detected in this study after irradiation, indicating 

hat the small voids may contribute to the hardening. Zhang et al. 

ound that the irradiation-induced small voids have almost no con- 

ribution to the hardening, and the main contributor of harden- 

ng is the dislocation loop [75] . Jin et al. report that void hard- 

ning may not be the primary hardening source, and the dislo- 

ation (loops) may play the dominant role [ 11 , 39 ]. The presence

f a high number of twin boundaries can effectively capture va- 

ancies and interstitials, restraining the irradiation-induced precip- 

tation and hardening. Therefore, the hardness of the irradiated 

e 30 Cr 25 Ni 20 Co 15 Mn 10 HEA remains almost the same as the un- 

rradiated one. 

. Discussion 

.1. Effects of defect sinks on the irradiation-induced vacancies and 

nterstitials 

To further investigate the effects of defect sinks on the num- 

er densities of irradiation-induced vacancies and interstitials, the 

ink strengths of nanotwin boundaries, grain boundaries, and dis- 

ocation networks are evaluated. The sink strength of the disloca- 

ion networks, S d , is proportional to the dislocation density, which 

an be estimated as ρd and 1.2 ρd for the vacancies and inter- 

titials, respectively [76] . Then we can obtain the sink strength 

f the dislocation net, S d = 4.56 × 10 13 m 

−2 for vacancies, and 

 d = 5.47 × 10 13 m 

−2 for interstitials. The way for the estima- 

ion of sink strengths, S tw 

, of twin boundaries with the thickness 

 t , and grain boundaries with a radius, R , S g is via the total sink

trength ( S t ) from all the “single crystal” microstructure within the 

rain [77] : 

 tw 

= 

2 S 0 . 5 t 

d t 
/ 

[
coth 

S 0 . 5 t 

2 

d t − 2 

S 0 . 5 t d t 

]
(11) 
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a

f

weak and lower than 10%. 
 g = S t 
R mean S 

0 . 5 
t coth R mean S 

0 . 5 
t − 1 

1 + 

S t R 2 mean 

3 
− R mean S 

0 . 5 
t coth R mean S 

0 . 5 
t 

(12) 

here S t can be estimated as S d because the dislocation networks 

re the single type of defects for the foil and grain [77] . With the

win thicknesses of 11.64 μm and 27 nm for the annealing twins 

nd nanotwins, respectively, the sink strength of annealing twin 

nd nanotwin boundaries for vacancies, S tw _ v , is 1.16 × 10 12 m 

−2 

nd 3.7 × 10 13 m 

−2 , respectively. The sink strength of the anneal- 

ng twin and nanotwin boundaries for interstitials, S tw _ i , can be es- 

imated as 1.2 × 10 12 m 

−2 and 1.65 × 10 16 m 

−2 , respectively. The 

ink strength of nanotwins for both vacancies and interstitials is 

igher than those of annealing twins. Similarly, from Eq. (12) , we 

an obtain for grain boundaries with R of 21 μm (half of the grain

ize), the sink strength for vacancies and interstitials ( S g _ v and S g _ i ) 

s 7.88 × 10 11 m 

−2 and 8.62 × 10 11 m 

−2 , respectively. The sink 

trength of nanotwin boundaries for vacancies is approximately 50 

imes larger than that of the grain boundaries and of the same or- 

er of dislocation networks. The sink strength of nanotwin bound- 

ries for interstitials is four orders of magnitude larger than that of 

rain boundaries, and 300 times greater than that of a dislocation 

etworks, indicating that nanotwin boundaries are good sinks for 

nterstitials and thus, inhibit their gathering to form precipitates 

nd dislocations (loops) during irradiation. The high sink strength 

long with the large volume fraction of the nanotwin boundaries 

akes them play the main role in the defects absorption. 

.2. Swelling resistance of the HEA upon Au 2 + ion irradiation 

The swelling phenomena during the irradiation are mainly at- 

ributed to the formation of voids. Voids commonly form in the 

rradiated materials for doses above ∼ 1 dpa due to the accumula- 

ion of radiation-induced vacancies, specifically for metals and al- 

oys with FCC structures [11] . To investigate the swelling resistance, 

he voids are analyzed from the surface to the depth of ∼ 30 0 0 nm

here voids reside. The volume swelling can be estimated as 

 v = 

�V 

V 

= 

π
6 

∑ 

i d 
3 
i 

Aδ − π
6 

∑ 

i d 
3 
i 

(13) 

here A and δ are the areas of the characterized region and 

he thickness of the TEM sample ( ∼ 50 nm), and d is the av- 

rage diameter of the voids [78] . With the determined values 

rom TEM, the volume swelling in this HEA can be calculated as 

.002%/dpa, which is obviously lower than that of Ni–17Mo–7Cr 

lloy (0.04%/dpa) [79] after being irradiated with 3 MeV Au 

2 + at 

oom temperature and Hastelloy N alloy (0.12%/dpa) after 7 and 

 MeV Xe ions irradiations at room temperature [80] . The low 

welling can be attributed to two reasons: one is due to the com- 

onent complexity of HEAs. Multiple types of vacancies and inter- 

titials form under irradiation are unstable due to their high for- 

ation energy, large atomic-level stress, and low migration energy 

81] , promoting the recombination of vacancies and interstitials 

ith the so-called self-healing mechanism. Our HEA possesses the 

imilar self-healing mechanism, as reported in other HEAs. More 

mportant, the lower swelling, as compared to the other HEAs, can 

e contributed from the high volume fraction of twin boundaries, 

hich act as vacancy sinks and hinder the formation of voids. 

.3. RIS resistance of the HEA upon Au 2 + -ion irradiation 

The magnitude of RIS can be defined as the radiation-induced 

omposition change relative to that of the un-irradiation matrix. 

he RIS magnitude in Fe 30 Cr 25 Ni 20 Co 15 Mn 10 after 70 dpa room 

emperature ion irradiation is only Fe (3.6%), Cr (4.8%), Mn (8.8%), 
8 
o (8.3%), and Ni (7.1%) in atomic percent as shown in Fig. 8 , re-

pectively. The segregation levels of all the elements are very weak 

nd lower than 10%. The RIS behaviors in Fe 30 Cr 25 Ni 20 Co 15 Mn 10 

an be attributed to the inverse Kirkendall (IK) mechanism. The 

equence of elements on the order of the atomic radius, R , from 

arge to small sizes is: Mn, Cr, Fe, Co, and Ni [82] . We suppose

n/Cr/Fe as oversized atoms, and Co/Ni as undersized atoms. The 

versized atoms have the high mobility and tend to deplete at de- 

ect sinks, while the undersized atoms have the low mobility and 

end to enrich due to the IK mechanism [82] . The measured re- 

ult of diffusion coefficients of alloy elements in the FeCrNiCoMn 

EA is D Mn > D Cr > D Fe > D Co > D Ni [ 57 , 83 ]. Both the IK effect

nd diffusion coefficients lead to the same result that Mn/Cr/Fe de- 

lete, and Co/Ni enrich at nanotwin boundaries. Similar RIS behav- 

ors were observed in the CrFeCoNi and FeCrNiCoMn HEAs with 

o/Ni enriched and Fe/Cr/Mn depleted at dislocation loops and 

oids [ 25 , 34 , 84 ]. However, to our knowledge, the RIS behavior at

win boundaries in HEAs has rarely been reported, while twin 

oundaries usually exist in the FCC HEAs due to the low stacking 

ault energy. In general, the solute atoms tend to segregate sponta- 

eously to the defect sinks due to the high energy of sinks. The 

arge number of nanotwin boundaries will preferentially adsorb 

he point defects, including both vacancies and interstitials [85] . 

he annihilation of vacancies and interstitials at nanotwin bound- 

ries causes the elemental segregation during irradiation. The low 

IS magnitude in Fe 30 Cr 25 Ni 20 Co 15 Mn 10 can be attributed to the 

luggish diffusion kinetics, as compared to the conventional nu- 

lear materials [44] . The high lattice distortion of HEAs can sup- 

ress RIS due to the reduced defect diffusion and the enhanced 

acancy/interstitial recombination [25] , leading to the slight seg- 

egation magnitude at twin boundaries. The insignificant harden- 

ng feature, low swelling rate, and weak RIS level indicate that the 

ewly-designed HEA presents an excellent radiation tolerance, and 

an be a promising candidate material for nuclear reactors. 

. Conclusion 

In summary, this paper reports the alloy design, preparation, 

nd irradiation tolerance of the Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA. The 

ollowing conclusions can be drawn: 

(1) The Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA presents a high ion- 

irradiation stability. There is no nanoscale precipitation and 

irradiation-induced hardening at a high dose irradiation ( ∼
70 dpa). 

(2) The nanotwin boundaries have a higher sink strength for 

vacancies than grain boundaries and dislocation network, 

which are beneficial to absorb more irradiation-induced va- 

cancies on the nanotwin boundaries, inhibiting the forma- 

tion of voids inside the grains. 

(3) The sink strengths of nanotwin boundaries for interstitials 

are also larger than those of grain boundaries and disloca- 

tion networks, indicating that nanotwin boundaries are good 

sinks for interstitials and inhibit their gathering to form pre- 

cipitates and dislocations (loops) during irradiation. 

(4) The swelling rate is as low as 0.002%/dpa. This low swelling 

rate can be attributed to the combination of the self-healing 

mechanism and the existence of high fractions of nanotwin 

boundaries, which act as effective vacancy sinks. 

(5) RIS is observed at nanotwin boundaries with the oversized 

Mn/Fe/Cr depletion and undersized Co/Ni enrichment due to 

the inverse Kirkendall mechanism. The magnitude of RIS of 

all the elements in the Fe 30 Cr 25 Ni 20 Co 15 Mn 10 HEA is very 
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