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a b s t r a c t

Eutectic high-entropy alloys (EHEAs) have drawn great attention due to their excellent high-temperature 
mechanical properties. A group of EHEAs AlCrFeNiTix with different titanium contents was irradiated with 
3 MeV Fe11+ ions at 500 °C with fluences of 9.1 × 1014 and 4.55 × 1015 ions/cm2. The disordered body- 
centered-cubic (BCC, A2) exhibited smaller-sized dislocation loops than those of ordered BCC (B2) based on 
Transmission electron microscopy (TEM) analysis. The type of loops found in AlCrFeNi alloy were < 100 > 
and 1/2 < 111 > . The fraction of 1/2 < 111 > was higher, indicating the excellent irradiation resistance of 
EHEAs. Small size and large density of dislocation loops formed after the addition of Ti. Phase boundaries in 
the alloys could effectively decrease the density and size of dislocation loops because of defects annihilation 
at phase boundaries. In combination with density function theory (DFT) results. B2 phase exhibited better 
energy landscape advantage in the Ti accommodating, and the MSD results indicated that the lattice dis-
tortion effect caused by Ti entering B2 phase was more obvious than A2 according to the density function 
theory (DFT) results. Our research exhibited a beneficial scheme for solid solution strengthening of ele-
ments in EHEAs, and provided an insight into the suppression of dislocation loops under irradiation.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

High-entropy alloys (HEAs), which are composed of four or more 
principal elements in equal-molar or near equal-molar fraction, have 
promising potential in advanced nuclear systems [1,2]. Compared to 
single-phase HEAs, eutectic HEAs (EHEAs) have attracted broad at-
tention high-temperature applications due to their dual-phase 
structures, stable defect structures, and good creep resistance [3–5]. 
Moreover, the microstructures of dense lamellar microstructures 
and a mass of phase boundaries can be formed in EHEAs, which act 
sinks for defect (e.g., vacancies and interstitials atoms), demon-
strating the significant advantage in materials for nuclear applica-
tion especially for improving radiation resistance [6,7].

However, the in-pile application of EHEAs is recognized to be 
vulnerable to high flux of neutrons, which results in remarkably 

radiation damages such as irradiation hardening and swelling, sig-
nificantly reducing its mechanical properties [8,9]. Therefore, a clear 
distinguishment of dislocation loop types is essential for under-
standing the mechanism of materials for failures due to irradiation 
hardening and embrittlement. For example, despite the fact that <  
100 > and 1/2 < 111 > dislocation loops both existed in body-cen-
tered-cubic (BCC) steels. The research found that < 100 > dislocation 
loops have low mobility, and may cause sclerosis by impeding the 
movement of dislocation loops, while 1/2 < 111 > dislocation loops 
were glissile relatively [10]. Although extensive studies on the me-
chanical properties of EHEAs have been performed, there is lacking 
of necessary information about the distribution of radiation-induced 
dislocation loops in EHEAs, which is very critical for a fundamental 
understanding of the behavior of radiation defects and the potential 
applications of EHEAs in the nuclear system. Al-Co-Cr-Fe-Ni was a 
widely known material in EHEAs due to its excellent strength and 
ductility [11] which showed good mechanical properties. However, 
the element Co in the alloy system has high neutron transmutation- 
induced radioactivity, which prohibited its application in nuclear 
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energy systems. Composition optimization design is an effective way 
to enhance the microstructure and mechanical properties of the 
alloy. A large number of studies have focused on adding micro-
alloying elements. It was suggested that replacement of Ti with Co 
results in superior properties such as low density, high melting 
point, large atomic radius and reduced activity based on the micro- 
element regulation, which was previously recognized as an effective 
method to enhance it performance in nuclear system [12–15]. Thus, 
it is worth enhance its performance in nuclear system.

In the present work, EHEAs AlCrFeNiTix with different Ti ratio 
was chosen as a prototype to study the distribution of the disloca-
tion loops of EHEAs. The samples were irradiated by 3 MeV Fe ions 
with the fluence of 9.1 × 1014 and 4.55 × 1015 ions/cm2 at 500 °C. 
Irradiation-induced defects were characterized by transmission 
electron microscopy (TEM), followed by quantifying the size, density, 
and type of dislocation loops of EHEAs were quantified. Moreover, 
density function theory (DFT) calculations were conducted to clarify 
the mechanism of dislocation loops distribution.

2. Experimental

2.1. Materials synthesis and ion irradiation

AlCrFeNiTix (x = 0, 0.5, 1) alloys were prepared by cold crucible 
levitation melting under argon atmosphere, and denoted as “Ti0”, 
“Ti0.5” and “Ti1”. The purity of raw ingots is higher than 99.95 % as 
characterized by ICP-MS as shown in previous publish [14], The in-
gots were rolled and remelted at least four times to ensure the 
chemical homogeneity.

The irradiation experiments were performed on the 320 kV 
platform at the Institute of Modern Physics, Chinese Academy of 
Sciences. The EHEAs were irradiated with 3 MeV Fe11+ ions to flu-
ences of 9.1 × 1014 and 4.55 × 1015 ions/cm2 at 500 °C with vacuum of 
1 × 10−6 Pa. Stopping and Range of Ions in Matter (SRIM) 2013 code 
in “TRIM” mode was used to estimate the displacement per atom 
(dpa) and Fe concentration. Threshold displacement energy of alu-
minum, titanium and other elements were determined as 25 eV, 
30 eV and 40 eV, respectively [16,17]. The density of 6.63 g/cm3, 
6.41 g/cm3 and 6.22 g/cm3 was experimentally determined for Ti0, 
Ti0.5 and Ti1 via Archimedes method with a balance, respectively, 
and used in SRIM simulation. The SRIM calculation results of dpa and 
Fe distribution are summarized in Fig. 1 in the Supplementary ma-
terial, and the peak damages for Ti0 are approximately 1.4 and 7 dpa, 
respectively.

2.2. Microstructural characterization

The TEM sample of Ti0 irradiated at 1.4 dpa was prepared by 
mechanical polishing to about 60 µm thickness, followed by twin-jet 
electropolishing (MTP-1A) in ethanol solution containing 9 % HClO4. 
The other TEM samples were prepared by focused ion beam 
equipped on a Helios 5 UX, followed by “flash polishing” to remove 
the FIB-induced damages. The final thickness of TEM foils is 
about 70 nm.

The irradiation-induced defects were characterized by TEM and 
STEM (FEI Talos F200X operated at 200 kV with two-beam condi-
tions) both in bright-field (BF) and dark-field (DF). The size and 
density of dislocation loops were calculated in the software of Nano- 
measurement. In order to reduce deviation for each sample, the size 
and number densities data of dislocation loops were calculated by 
taking average at least five TEM images.

2.3. Simulation methodology

DFT was employed to further explore the fundamental me-
chanism and propose a reliable theoretical explanation from the 

microscopic perspective. A framework of A2/B2 was obtained from 
Material Studio, and the model containing 64 atoms of BCC lattices 
were utilized for the atomistic calculations with Vienna Ab-initio 
Simulation Package code [18,19]. The generalized gradient approx-
imation (GGA) with Perdew-Burke-Emzerhot (PBE) functional was 
used as exchange-correlation. Plane wave cutoffs 500 and 330 eV 
were used to calculate the A2 and B2 phase, respectively. The irre-
ducible Brillouin Zone was sample with 2 × 2 × 3 k-point meshes for 
all calculations. The relaxation of electronic was achieved until the 
change of the total energy was smaller than 10−6 eV/cell. The geo-
metries of A2/B2 system are optimized with the force until the 
maximum forces on the ions were smaller than 0.01 eV/Å. The ab- 
initio molecular dynamics (AIMD) was operated at 770 K under NVT 
ensemble, and whole system relaxed for 1 ps. The results of radial 
distribution function (RDF) and mean square displacement (MSD) 
are processed by OVITO software and VASPKIT code respectively [20].

3. Results

3.1. Types of dislocation loops in AlCrFeNi

The dislocation loops in materials should be characterized and 
differentiated in order to understanding the different contributions 
of dislocation loops to radiation hardening. The density of both types 
of dislocation loops was quantified based on the methodology pro-
posed by Yao [21].

Table 1 presents the g·b value and crystallographic information 
between dislocation-loop habit planes and (002) planes imaged 
under the [001] zone axis. Based on the information summarized in 
Table 1, a dislocation loop morphology map at on-zone condition 
was constructed, as is shown in Fig. 1(b) with the corresponding 
diffraction pattern for the zone axis of [001]. In terms of the align-
ments and shapes of dislocation loops, it is easy to distinguish the 
types. Fig. 1(c-d) presents STEM images formed using g020 and g110
diffraction vectors near the zone axis, which clearly indicate 1/2(111) 
and 1/2(111) loops, respectively. Some edge-on dislocation loops 
marked with blue arrows were observed parallel to the [020] di-
rection, as shown in Fig. 1(d), but invisible in Fig. 1(c). These dis-
location loops are (100) type according to the dislocation–loop map 
in Fig. 1(b).

As discussed, some dislocation loops are invisible when the g 
vectors satisfy the invisibility condition of g·b = 0. Therefore, only 2/3 
of the density of < 100 > dislocation loops and half of the density of 1/ 
2 < 111 > dislocation loops can be observed when g = (110). Moreover, 
only 1/3 of the density of < 100 > dislocation loops and all the density 
of 1/2 < 111 > dislocation loops can be observed when g = (020), as 
expressed in Eqs. (1) and (2). Based on the densities counted using 
the diffraction condition with different g vectors, the accurate den-
sity of < 100 > dislocation loops and 1/2 < 111 > dislocation loops can 
be obtained using Eqs. (3) and (4) [21].

= += = < > = < >2/3 1/2g b b(110) 100 1/2 111 (1) 

= += = < > = < >1/3g b b(020) 100 1/2 111 (2) 

== < > = =2b g g100 (110) (020) (3) 

= += < > = =2/3 2b g g1/2 111 (110) (020) (4) 

where =g (110) and =g (020) are the densities of dislocation loops ob-
served using g vector of (110) and (020), and = < >b 100 and 

= < >b 1/2 111 are the densities of < 100 > and <  111 > dislocation 
loops, respectively.

The number densities of < 100 > and 1/2 < 111 > dislocation loops 
for A2 phase are 1.10 × 1021 and 1.95 × 1021 /m3, respectively. 
Similarly, the number densities of < 100 > and 1/2 < 111 > dislocation 
loops for B2 phase are 3.42 × 1020 and 3.02 × 1021 /m3, respectively. 
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Some studies have shown that the majority of dislocation loops in 
ferritic/martensitic steels are < 100 > dislocation loops when the ir-
radiation temperature is higher than 350 °C [22,23]. In this study, the 
lower density of < 100 > compared to that of 1/2 < 111 > indicates that 
only part of 1/2 < 111 > dislocation loops are translated into < 100 > 
dislocation loops in the alloys after irradiation to 7 dpa at 500 °C, 
which further proving the great irradiation resistance of EHEA 
AlCrFeNi.

3.2. Distribution of dislocation loops in AlCrFeNi

The BF and weak-beam DF (WBDF, g/3 g) TEM micrographs were 
collected in order to identity and count the size and density of dis-
location loops precisely. The microstructures of Ti0 irradiated with 
different irradiation doses were compared as shown in Fig. 2(a–d). 
Results indicated dislocation loops and defects clusters are the only 

defect feature in the irradiation sample without voids at the two 
irradiation fluences. Previous studies [24,25] have confirmed that 
vacancies preferred to gather to form clusters or voids in conven-
tional metallic materials when the irradiation temperature followed 
the relationship T = 0.23–0.35 Tm and continue to grow until sa-
turation when T > 0.35 Tm. However, voids were not visible even at 
the irradiation temperature of 500 °C in this work. Considering the 
melting temperature Tm of Ti0 is 1438 °C, the irradiation tempera-
ture is approximately 0.35 Tm. The phenomenon may be attributed 
to the unique lattice distortion and sluggish diffusion effect of HEAs, 
further hindering the migration of vacancies, thereby suppressing 
the formation and growth of voids at elevated temperatures [26].

TEM analysis in Fig. 2(a) shows that the dislocation loops in the 
B2 phase were distributed at larger sizes with considerably lower 
density than those in the A2 phase, at the irradiation dose lower 
than 7 dpa. However, the density of dislocation loops in the B2 phase 

Fig. 1. (a) Diffraction pattern of Ti0 irradiated with 3 MeV Fe11+ ions to 4.55 × 1015 (1.4 dpa) ions/cm2 under [001] zone axis. (b) Corresponding dislocation loops morphology map 
at on-zone condition. (c) and (d) are the corresponding bright-field images by using g020 and g110 diffraction vectors near the zone axis, respectively.

Table 1 
g·b value and crystallographic information between dislocation-loop habit planes and (002) plane when imaged under [001] zone axis. 

Habit plane (200) (020) (002) (111) (111) (111) (111)

Burgers vector b a[100] a[010] a[001] a/2[111] a/2[111] a/2[111] a/2[111]
Project angle (θ) 90 90 0 54 54 54 54
cos (θ) 0 0 1 0.58 0.58 0.58 0.58
Direction of intersection line [020] [200] n/a [110] [110] [110] [110]
g020 ·b 0 -2 0 -2 -2 2 -2
g110 ·b 1 1 0 2 0 0 2
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is larger than that in the A2 phase at dose higher than 7 dpa, dif-
fering from that in Fig. 2(a). Fig. 3(a–d) shows the statistical results 
of dislocation loop size and number density. The loops distributed in 
the damage band were counted for statistics. The loop sizes were 
further determined by measuring the longest axis of the loops, 
which was summarized in Fig. 3(a) (c). The results showed that the 
loop sizes increased by increasing the irradiation dose, whereas the 
loop density became smaller. The size of dislocation loops in A2 and 
B2 phases irradiated with 1.4 dpa mainly layerd in the range of 6 –15 
and 11 – 25 nm separately, with the corresponding number density 
of 1.16 × 1022 and 2.91 × 1021 /m3, respectively. Moreover, the size of 
dislocation loops in A2 and B2 phases irradiated with 7 dpa was 
among the range of 16 – 30 and 36 – 50 nm, with the corresponding 
number densities of 1.32 × 1021 and 1.88 × 1021 /m3, respectively.

3.3. Distribution of dislocation loops in AlCrFeNiTi0.5 and AlCrFeNiTi

For Ti0.5 alloy, a representative BF-STEM image (Fig. 4(a)) shows 
that numerous spherical particles, which can be identified as defect 
clusters are distributed throughout the B2 matrix, consistent with 
previous results [13,25]. High density of large defect clusters and 
small-size dislocation loops which tend to form around the particles 

were observed in the B2 phase. Compared to Ti0 alloy, numerous 
dislocation lines can be found in A2 and B2 phases in Ti0.5. The 
number and size of dislocation loops summarized in Fig. 5 indicated 
that dislocation loops in A2 and B2 phase of Ti0.5 are distributed at 
remarkably smaller sizes and much higher density than those in Ti0. 
Meanwhile, B2 exhibited smaller dislocation loops sizes and much 
higher density compared with A2 phase.

Fig. 4(b) shows the dislocation loops of Ti1 alloy, consisting of the 
A2 phase indicated by the SAED pattern. A TEM sample lamella 
without a phase boundary was prepared to confirm the effect of the 
phase boundary on defects distribution. The characterization results 
are summarized in Fig. 5. The width of the defect band in Ti1 is 
smaller than that in Ti0. Ti can be dissolved in the A2 phase to in-
crease the lattice distortion, thus decreasing the width of the defect 
band [27], which can be evidenced by the results herein, suggesting 
the width of the defect band in Ti1 is smaller than that in Ti0. 
However, the size and density of dislocation loops in Ti1 are larger 
than those in Ti0, which can be attributed to significant lower grain 
boundaries. Phase boundaries effectively reduce defects through 
acting as sinks for absorbing vacancies and interstitials [6,7], so that 
density of dislocation loops in Ti0 are smaller than that of Ti1, as 
shown in Fig. 5.

Fig. 2. (a), (c) are the BF-TEM images of Ti0 irradiated by 3 MeV Fe11+ ions with dose of 9.1 × 1014 (1.4 dpa) and 4.55 × 1015 (7 dpa) ions/cm2, respectively. (b) and (d) are the 
corresponding WBDF (g/3 g) images. (a) and (b) were obtained near the [011] zone axis with g = (200); (c) and (d) were obtained near the [001] zone axis with g = (020).
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4. Discussion

According to the result in Fig. 3, AlCrFeNiTix exhibited different 
radiation resistance in the A2/B2 phase. The kinetic mechanism of 
dislocation loops formation can be mainly divided into defects 
generation and migration, which is evidenced by the continuous 
absorption of migratable defects by interstitial atomic clusters and 
cavities leading to their own growth or contraction [28,29]. The 
vacancies formation energy of atoms in the A2/B2 phase was cal-
culated via DFT method, and the point defect formation energies 
were 0.266, 0.73, 0.74, and 1.47 eV, respectively. Ni in the B2 phase 
demonstrated the lowest point defect formation energy, followed by 
Cr and Fe in A2 and Al in B2. Theoretically, B2 can generate vacancies 
more easily than A2, which is consistent with the fact that the 
density of dislocation loops in A2 is higher than B2 at 1.4 dpa. Ac-
cording to the dislocation loops size in Fig. 5, A2 is smaller than that 
in B2, whatever it is exposed to 1.4 dpa or 7 dpa. The obvious short- 
range disorder of A2 has strong effect on inhibiting the growth of 
dislocation loops, which makes the overall dislocation loops size 
smaller. The degree of lattice distortion of A2 and B2 can be con-
cluded by the radial distribution function (RDF) in Fig. 6, and it is 
found that the lattice distortion of A2 is more obvious than that of 

B2. The existence of local disordered phase will significantly reduce 
the diffusion rate of defects and further affect the growth of dis-
location loops.

Based on the above study, the results indicated that the forma-
tion of dislocation loops was affected by local lattice distortion and 
energy landscape. Therefore, Ti in different types of atomic vacancy 
positions as well as interstitial positions was calculated by trapping 
energy, which is expressed as [30,31]:

= +E E Ti V E V E Ti interstitial E(1 , ) ( ) ( )trap x A B A B A B A B2/ 2 2/ 2 2/ 2 2/ 2

(5) 

where Etrap x is the trapping energy when Ti is in the vacancy of 
atoms, x represents the atom species, E Ti V(1 , )A B2/ 2 is the system 
energy of Ti in lattice site, E V( )A B2/ 2 is the system energy including 
vacancy of A2/B2 phase, E Ti interstitial( )A B2/ 2 is the lowest energy 
when Ti is in interstitial position, the energy of A2 and B2 are 
13.37 eV and 3.95 eV, respectively. EA B2/ 2 is the energy of A2/B2 
system. Overall, Etrap Al, Etrap Ni, Etrap Fe and Etrap Cr are − 6.47, − 4.26, 
− 3.73 and − 3.42 eV, respectively. From the trapping energy results, 
it can be concluded that Al vacancy in B2 phase was easier to capture 
Ti atoms compared to A2, which was consistent with the experi-
mental results of more Ti nanoparticles in B2 phase, further 

Fig. 3. Size distribution and density of dislocation loops in irradiated Ti0: (a), (b) irradiated with 3 MeV Fe11+ ions at 9.1 × 1014 (1.4 dpa) ions/cm2; (c), (d) irradiated at 4.55 × 1015 

(7 dpa) ions/cm2. (a), (c) are the size distribution of dislocation loops in A2 and B2 phases; (b), (d) are the density of the A2 and B2 phases.
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evidenced by the ratio of Ti in A2 to B2 was about 2:3 in our previous 
research [14], which can be attributed to the synergetic effect of 
lower defect formation energy in B2 phase and higher interstitial 
energy in the disordered lattice of A2. Furthermore, the evolution of 
A2 and B2 systems under the working conditions (770 K) was ana-
lyzed by AIMD method with a time frame of 1 ps. The MSD results 
found that the average ionic mobility of B2 increased from 

0.117×10−3 to 0.818×10−3 cm2/s/V after Ti was added, which was 
higher than 0.696×10−3 cm2/s/V of A2, indicating a large atomic 
displacement occurred in B2 phase, indicating the lattice distortion 
of B2 phase is significantly increased as shown in Fig. 7.

Overall, A2 phase showed stronger radiation resistance of dis-
location loops formation under Ti0, which can effectively hinder the 
growth of dislocation loops. However, B2 dominated the trapping 

Fig. 4. (a) Defect band BF-STEM image at damage peak region of Ti0.5 irradiated at fluence to 4.55 × 1015 (7 dpa) ions/cm2. (b) Defect band BF-TEM image at damage peak region of 
Ti1 irradiated at fluence to 4.55 × 1015 ions/cm2. (a) was obtained near the [001] zone axis with g = (110); (b) was obtained near the [011] zone axis with g = (011). (c) and (d) are 
the enlarged images of (a) and (b), respectively.

Fig. 5. Statistical results of the size and number densities of observed dislocation 
loops for the samples with different Ti contents irradiated at fluence to 4.55 × 1015 

(7 dpa) ions/cm2. All the results were obtained with g = (110).
Fig. 6. The RDF diagram of A2 and B2 systems after relaxation. 
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ability of Ti atoms, which significantly enhanced the average ionic 
mobility from MSD results, and further caused lattice distortion of 
B2 with the increasing ratio of Ti. It can be inferred from the results 
that widely distributed Ti nanoparticles provided greater lattice 
distortion due to the high entropy effect, which will show a better 
ability to inhibit the migration of defects under the irradiation of 
7 dpa. Although the effect of phase grain boundaries of Ti1 on the 
nano-scale was not directly observed, the calculation can still pro-
vide a theoretical explanation for the density and size changes of 
dislocation loops in A2.

5. Conclusion

In conclusion, three EHEAs AlCrFeNiTix (x = 0, 0.5, 1) were irra-
diated with 3 MeV Fe ions under the highest fluence of 4.55 × 1015 

ions/cm2 at 500 °C, and the dislocation loops were characterized by 
TEM and STEM. 

• Results show that the size of dislocation loops in the A2 phase 
was smaller than that in the B2 phase. Both < 100 > and 1/ 
2 < 111 > dislocation loops were identified in Ti0 irradiated at a 
fluence of 4.55 × 1015 ions/cm2 at 500 °C.

• Furthermore, small size and large density of dislocation loops 
formed in Ti0.5 especially in B2 phase.

• The DFT calculation results exhibited that B2 can capture more Ti 
atoms than A2, which can form bigger lattice distortion locally in 
B2. Combined with the experimental results, the widespread 
distribution of Ti nanoparticles in B2 has caused a high entropy 
effect that hinders the movement of defects, showing the rela-
tively excellent radiation resistance than A2.
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