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Fig. 1. Production and growth of defects in FeCoCrNiAlj 3 high entropy alloy during in-situ electron irradiation at different irradi-

ation temperature, the electron beam directions are parallel to the axis of the {011} with g = (200).
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Fig. 2. (a) Variation of average size of irradiation induced
defects with irradiation time; (b) the size distribution of
defects at three different irradiation temperatures after
15 min electron irradiation; (c¢) variation of irradiation

induced defect density with irradiation time.
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Fig. 3. Specific dislocation behavior during in-situ electron irradiation at 723 K: (al)-(a5) The merging process of Frank loops;
(b1)—(b5) the annihilation process of long Frank loops, (cl)-(c5) the formation process of “horseshoe” defect; (d), (e) the size

changes of the two dislocation loops 1 and 2 in panel (a) with irradiation time during the merging process, respectively; (f) the

growth behavior and size of two dislocations combined with irradiation time.
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Table 1.

induced by electron irradiation at three different temperat-

Saturation density and growth rate of defects

ures.

/K MR BE /(102" m3) A K (nm-min 1)
673 8.25 0.63
723 3.01 1.673
773 2.48 3.228
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Fig. 4. Relationship between the reciprocal of temperature and saturation density (a), growth rate (b) of electron irradiation

induced defects at different temperatures and the corresponding least square fitting results.
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2 ForHi4 IR SRR R GRS B E TAS RE

Hidln

Table 2. Point defect migration energy data of some

pure metals and candidate materials for nuclear power sys-

tem.
- (TR BT
EY, eV ERHE EL JeV
Fe 0.7 0.26
Cu 0.3 0.12
Au 0.44 0.19
Al 0.29 0.08
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JZ, AR T BRI | A R0 s LA B - L HE
FREIARTE, Al B R F2RA2H R KR, o 143 pm.
ifi Fe, Co, Cr, Ni JiiFZ Al J5 5L 22 1R/,
439024 126, 125, 128, 124 pm20, Af H T HiAh 51
AR EF R 22, AR BREF Al 5 -l
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PEREAR . 8 5 72 LA 8 BB o 58 TR A PRI, %o
RLEE PR R AT T AR SE A B TR AT i 4 R
PRI 5 K SR e, TN AP AR e R R
BT RITEREAE AL, PR DL BT A 22 2 f T 2
HEERB .

3.3.1 R AMZ AR IR 69 E L

SR T OGO R R A R L AR A A
#£ FeCoCrNiAly s Rl & &8 -5 AR 1T R, K

076103-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 076103

TR EA 2.7x10% e /(nm?s), 7E 723 K
BRI EE N AT, BT 5 (011) A RTAT,
IHEH g = (200) A XURATES T BE S X i A
ST IS Sl sk, B 5(a) R EALIE SRS
B IR E A% 58 UG 1 AR KOR il i R 25 G
Liu Al Mitchell 28] X i.C A7 5 SR ZE A A NigAl A
P 4 200k o iR HL - RS T A8 0 4 11 R AR 4
He FE 5(a) H 14T R LA IR R {111} 4 1 B4
G AERARKE R 1/3 (111) B3 2wk
W, Bl 5(a) H 248 7 0 B B8 TR {111 S
{112} T8 52 P47 U 0% T R AR K A7 (R R
S 1/2 (110) B2 45 3R, 18] 5(b) gk 22 Tof 43R
5 ER Ry ) (B 22 S A PRI {111}
T 7 1), Ao A PRV {112} T 5 161 ) 9 R~ B
FRE ] A2 Ak, FESR BRI, 3h =2 se e i K A=
KRG = T2 R A KR A4 B

W A R, TR R P K SR R
AR BN ST, S BRI F PR AR
B SE. JL R A A R R R, X
R B K% 1 ) S RO s ) R o, (VR {111} 1
AR AN A AR AR A AR T 5 80K, (H
OIS E R ANFTE R SR 25 57, S92
S TR {112} 5 1 ) A K A o ) B A
D N VA - RN R D R VA - B T R IV 7 87\ 22
fil)5 , BT AZE, FEARSC SR 452 8 %2
EN SN

Kl 5(c) ATEIZ T M T 4 10 min B T4
MG, 7E 5K 5(a) tPAHFE BT BE 264 T, AR
KAV AL A TE AR T BIE A5 43 A BRI 748
R N VA B NS R g VG 7S 3P 2B U NS R e 23
2, HARME RN FE R AL AS M ILL , B “inside-
outside” Jy VL AN, 155 Ry [R] PR AR 29, e Avp s

b) 100
(b) —=— Frank loop
~o— Perfect loop —"
80+ ./
£ -
£ /'/ o—°
= L o
e 60 - : e
5 o
5 4ot e
= -
= o'd
20 + o«
ol

L
0

Time/s

0 100 200 300 400 500 600

K5 (a) 22 ARG A HIE S R AR AR (b) W P S T8 A 10 9 22 50 (6 B85 P 5 A a7 4 4 il D ol 19 RS- I 4 P

] A4 5 (c) AN RIS AL I (57 35 PRAE SR P BT 555 20 A

Fig. 5. (a) Production and growth of Frank loops and perfect loops; (b) variation of the size of Frank loop and perfect loop in the

long axis with irradiation time; (c) the morphology and distribution of different types of dislocation rings in matrix.
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Fig. 6. HRTEM images of defect generation and growth in FeCoCrNiAlj 5 high entropy alloy during in-situ electron irradiation.
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Fig. 7. (a), (b) HRTEM image of vacancy-type dislocation
loop induced by irradiation; (c) schematic diagram of va-

cancy-type dislocation loop in panel (a).
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Fig. 8. (a) HRTEM image of FeCoCrNiAlj ; high entropy alloy irradiated at room temperature; (b), (c) the precipitates induced by

irradiation coherent with matrix.
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Abstract

The sluggish diffusion and severe lattice distortion effects in high-entropy alloys (HEAs) theoretically
impede the movement of radiation-induced point defects, thereby effectively suppressing the formation of larger
defect clusters and ultimately enhancing the radiation resistance of materials. Current research on the radiation
resistance of HEAs primarily concentrates on the qualitative analysis of the migration behaviors of radiation-
induced defects, while the quantitative research on the energy barriers of the migration behavior of point defects
is still limited. As a representative HEA system, FeCoCrNiAl-based alloy exhibits exceptional properties,
including enhanced ductility, remarkable shear resistance, high tensile yield strength, and excellent oxidation
resistance. In this study, FeCoCrNiAlj; alloy is selected as a model material and in-situ observations are
conducted by using a 1.25-MV high-voltage electron microscope (HVEM) to systematically investigate the
temporal evolution of irradiation-induced defects and precipitates at different temperatures. Based on the
statistical data of saturated defect number density and defect growth rates under three irradiation
temperatures, two intrinsic parameters of the alloy, i.e. interstitial atom migration energy and vacancy
migration energy, are determined to be 1.09 eV and 1.47 eV, respectively. The higher interstitial atomic
migration energy may be related to the incorporation of Al that has a smaller threshold energy and exhibits a
larger atomic radius difference than the other elements in the alloy. In addition, the morphology and
distribution of dislocation loops formed at 723 K and high-energy electron irradiation are characterized in detail,
demonstrating the coexistence of perfect dislocation loops and Frank dislocation loops, both of which grow along
different crystal planes. No systematic difference in growth process between the two types of loops is observed.

Keywords: FeCoCrNiAly; high entropy alloy, high-energy electron irradiation, defect migration energy,

irradiation induced the defects and precipitation
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