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Fig. 1. (color online) Schematic diagram of the irradia-
tion chamber with an energy degrader at HIRFL-SFC.
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Fig. 2. (color online) The distribution of displacement
damage with depth for N ions irradiation obtained
from SRIM-2013 simulation.
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Fig. 3. (color online) Indentation-depth dependence of the nanoindentation hardness of (a) unirradiated

reduced activation steel, and samples with displacement damage of (b) 0.05 dpa; (c) 0.1 dpa; (d) 0.2 dpa.
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Fig. 4. (color online) Average nanohardness versus the ) )
Fig. 5. Dependence of the ratio of H,J/HR""" on in-

dentation depth in reduced activation steels.

indentation depth of reduced activation steels before

and after irradiation.
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Fig. 6. The schematic diagram of the nanoindentation.
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Fig. 7. Curves of H2-1/h for the average nanohard-
ness of reduced activation steels before and after irra-

diation.

KRB R FETHEHHEL100 om < b <
2000 nm VAR VS N H2-1/h 216 R0, it
B LT SRR TG HL AN R R RO, gk 1 T
B W] LUR I, HE SRR Hy B R BT P
WOK, HBE A B AL B RS, RE Ak I G B
R AR AR T B R IR P AR, T — AN
SE HIMERI I Sk FLIR, "8 B G Tl A7 o7 4 25 1 Ve o
(Hoh* oc (1/Ho)?) M), % IS Ao 48 2 55 1) 386 Jn 4=
WNER R BRSNS, B 8 48 H T RIS A AR
It A BB 11 A A i 2 3@ 400 R LA S A A%
BRI —MRERENCR, £8 THENFER
/N (<0.05 dpa) I % HEAE R 3G B 6t 77 76 4k 2L 3
R ) A 8 R T BRI, LB S A AR Tk
0.2 dpa A A7, AR 1 4 A 3 8 ) 2
K, A — MBI ).

#*1 i Nix-Gao BT EAF RIR) H A R* R
Table 1. Calculated Hy and h* based on the Nix-Gao model.

Materials Irradiation conditions Hy/GPa h* /nm AHy/GPa
fRiE A Unirr. 1.80 624.74 —
fRIE AN N 0.05 dpa irradiation 2.14 613.14 0.34
fITEAL AR N 0.1 dpa irradiation 2.24 610.86 0.44
fIRTEAL AN Fe 0.2 dpa irradiation 2.33 691.67 0.53

E: AHo = Hi™ — Hy™,
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Fig. 8. The evolution of hardness Hg with damage for

reduced activation steels after irradiation.
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R 2 ARG ANEE IR TS 1E R 7K R i i I RHE S 4

Table 2. Characteristic parameter of positron annihilation lifetime spectrum for reduced activation steel

before and after irradiation.

Sample dpa T1/ps I /% T2/Ps I /% T /DS
TR 0 123.53(0.70) 90.87(0.44 323.10(7.90) 9.13(0.43) 141.75
R4 0.05 134.92(0.55) 81.63(0.55 349.20(3.70) 18.37(0.53) 174.28
(SCH 0.1 137.50(0.78) 74.17(0.56 360.50(4.80) 25.83(0.56) 195.10
fICE AN 0.2 138.12(0.89) 70.74(0.59 367.60(3.70) 29.26(0.69) 205.27
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V2K 7 i A OE R A R S A AN B A 3R 5
B3, MK 75 i B3 7o %6 B TE B 1 4 25 A7 7 A
AT IR K P, R e T 5 T Y a(E
T (= 111 + Tol2), "BAT DL B e RO A B
HIE S, SREE R ST AR KRR B3 8 = 5 8 1
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K19 (a) Frow, BEAEBEFIRR KR, MAEMRS n B
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G NI 12 A B R A SR, H I K
B FIHN, 15 M TR B A kB 5 S A B AL K 77
i KT AL EAL, 1T A o 5 &R AR
2 A A I R 52, MEBSBRCKR, 1E M 77 i 7o
B, P T il o i BT B, RIS AN e A
2= AR SRR IR, FBUE T 7 i 7o B2
BRI LR SR E I a0 9 (b) B, R FEBE
AR AR R K, B T B A E
A, SEREE IR EE AW N, 8 TR R T R
7 T T LSRG it P T SR P A2 4K, 7E 4R IR
FIEBUKES (<0.05 dpa), IE HLF P56 7y PROE
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Abstract

In order to study the irradiation responses of reduced activation ferritic/martensitic (RAFM) steels which are
candidates for fusion reactors, a reduced activation steel is irradiated at a terminal of HIRFL (heavy ion research facility
in Lanzhou) with 63 MeV N ions and 336 MeV °Fe ions at —50 °C. The energies of the incident N/Fe ions are
varied from 0.22 MeV/u to 6.17 MeV/u by using an energy degrader at the terminal, so that a plateau region of an
atomic displacement damage (0.05-0.2 dpa) is obtained from the near surface to a depth of 24 um in the specimens.
Nanoindentation technique is used to investigate the nano-hardness changes of the samples before and after irradiation.
The constant stiffness measurement is used to obtain the depth profile of hardness. The Nix-Gao model taking account of
the indentation size effect (ISE) is used to fit the measured hardness and thus a hardness value excluding ISE is obtained.
Consequently, the soft substrate effect for lower energy ion irradiation is effectively avoided. It is observed that there
seems to be a power function relationship between the hardness and damage for the RAFM steel. The hardness initially
increases significantly with the increase of irradiation damage, then increases slowly when the damage reaches to about
0.2 dpa. Positron annihilation is performed to investigate the defect evolution in the material. The positron annihilation
lifetime spectra show that the long-lifetime proportion of the RAFM steel increases significantly after being irradiated.
This means vacancy clusters are produced by the irradiation, resulting in the change of mechanics property. Even at low
irradiation dose, point defects with high density are generated in the steel specimens, and subsequently aggregate into
defect clusters, thereby suppressing the dislocation slip.

The defect concentration in the material increases continuously with the increase of irradiation damage, which leads
to the obvious irradiation hardening phenomenon. When the damage is higher than 0.1 dpa, the increment of mean
lifetime gradually decreases due to the existence of a large number of vacancies and dislocations, and it eventually tends
to be saturated, which explains why the irradiation hardening increment rate decreases with the increase of irradiation

damage in the material.

Keywords: reduced activation ferritic/martensitic steel, N/Fe-ions irradiation, hardening, vacancy

clusters
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