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Fig.2 TEM bright field images of defect microstructures at different locations®®: (a) 5.5 dpa location and (b) 11 dpa location
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Fig.3 Coordination information of the irradiated specimen with that of the unirradiated specimen as reference (a-c) and radial distribution

function (RDF) of different defect configurations calculated by MD simulation (d)®™: (a) coordination information of the self-interstitial

dumbbell, (b) coordination information of the first coordination shell, and (c) sum of coordination information of the self-interstitial

dumbbell and the first coordination shell
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Fig.4 Relationship between the size of helium bubbles and annealing time at different annealing temperatures (a), relationship between the

coefficient A exponent n in the bubble growth equation and annealing temperatures (b), and relationship between the final average size of

helium bubbles and annealing temperature (c)"?
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Fig.5 TEM in-situ bright field images of helium bubbles at grain boundary with different He" irradiation doses*?: (a) 0.3 dpa (1.06% helium),
(b) 0.46 dpa (1.60% helium), (c) 0.60 dpa (2.13% helium), (d) 0.91 dpa (3.19% helium) (d), and (e) 1.22 dpa (4.26% helium)
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Fig.7 Surface (a-b) and cross section (c-d) morphology of molybdenum metal before and after helium ion irradiation®™: (a) not irradiated,

(b) 1.5x10% ions/m?, (c) 1.5%10% ions/m?, and (d) 1.810% ions/m?
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Fig.8 SEM images (a-j) and EDS spectra (k-1) of surface topography before and after intense pulsed ion beam irradiation: (a) pristine;
(b) 0.2-0.3 J/em?, 3 times; (c) 0.2-0.3 J/cm?, 10 times; (d) 0.2-0.3 J/cm? 100 times; () 0.2-0.3 J/cm? 300 times; (f) 0.8-1.3 J/cm?, 3 times;
(g-i) 1.6-2.5 Jicm?, 3 times (Fig.8k-8l are the EDS spectra of regions k, | marked in Fig.8j)*?
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marked region in the same figure; ion energy (100 eV), ion fluence (2.6><10* ions m™) and target temperature (923 K) are constant for

each experiment)
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Fig.10 SEM images of the sample surface after tungsten (a) and molybdenum (b) irradiation®®
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Fig.11 Curves of nanoindentation hardness (a) and elastic modulus versus depth (b) of pure Mo block, Mo-0.25La alloy block and tube under

conditions of no irradiation, 0.1 dpa and 1 dpa irradiated by H

= Pristine
[ = o 3times, 0.2-0.3 Jicm?
6 : 410 times, 0.2-0.3 J/cm?
g A v 100 times, 0.2-0.3 J/crm
% 5} & 300 times, 0.2-0.3 Jcm?
. «— 3times, 0.8-1.3 Jjcm*
a L\ — _3times, 1.6-2.5 Jiem*
54
g0 ' !‘!\L;
3r T!\! :L,*!"!‘!t!:!"!‘!-'
2 1 1 1 1
0 0.5 1.0 15 2.0

Indentation Depth, h/um

12 HIPIB #& WAl 5 5 5 B L 5 R JRIR B 0 3
Fig.12 Variations of hardness versus indentation depth of Mo metal

before and after HIPIB irradiation’®?

HIPIB & I AT 5 40 i A8 - IR B i 2k . (ERRE B % 2
(0.2~0.3 Jem®) F, BAHEHRUCEIR N, BEPE 2R
. 2o 300 kRIS S, BERE 2 S 100 X2
(AR I 2 A G, B EEARAGAE 100 X2 5 HEARTA
FIEAN . LLEL 3 AR A % FE kv J5 R FEAE, W R
B AR ER FERIG I, MREE K. MR Y
n# 1.6~2.5 Jem? B, BEREAE PR B R . S5 R OO
Ll Al S X AH A2 1) s e SO B i . HIPIB $EHE S,
3 KBKPhTEARRE R T AE B 5 TR AR5 A 2, 92
TGRSLFRAIS T EH AR E o i 5 Jhk v X BBOFT R B FE TR AR
1k, HIPIB FI#GL SO B M B 58 . 58S TN e
TR R (R SCR AR LG, HIPIB A% R 3R ) R0CR X BH s 5 (1)
RS 3 S H B AR .

AR, SR AT RE R — Pl e TR e
BEFIA RO7EVSTT, Krawezynsk 2457808 o o s 476 40 72
(high pressure torsion, HPT) 32| 7 44K 5 4 &)= ,
MEL T FioRL AL R AR IR AN He' "4 I8 5 AR 2 1A 9K

+[75]

T FEAE AR SE I . 7E—IRBERE 5 Mo B 235 1
Fiduik, PG EARM 2.12 um F£ 4 480 nm, 5 e
g, PSS EAR/NE] 110 nm. B 13 NEEEETE
JE4ERENL Cas-received, AS-R) Al HPT 4bFH{) Mo £ fh
(AN [i) o 00 2 PRI P oK B E o i 1) HPT A3 5 8058
HEJG G KA P 1 R £ 10%, (KT AS-R HIHEME(~20%) .
JF B XTT AS-R I HPT-5 Ffil, HARMEMEIRASAHLL, #
AN B GRKAE BE RS I T SR AL HUE, 17 HPT-1 A% i b
K0, MEEFILE 2.5, 3 F1 3.5 mm 427N
HPT & [ 4 K A R A0 4 RIS (10 98 oK Bl B 2 22 93 il R
15%. 11%A01 6%. XFhZER 2 i HPT HIEFE M AR AL
LB A FEFREEE AR SRR, I B TR R, 4
R 90 DA P 1 184 R A1

WL ERE RO, BRI S B EUH SR AR
HERRE A, AT ST %) 2 AL RGE P32 38 o o v et ik 8 1 SR
HEJ 4 4 e 110 2 WL AN 52 21 88 - SR AN 1 2, )
1 52 B RN A AR T o 2 8 1) 184 R R
3G I 2 A6 4 SR AE . 7EAR AR =2 B IR B
T BT AN T I, ARG . 7EmRe
BEEBERECT, ROBPET B TR AN, W
BRI o SRRLZE AL AT RE & — P AR SR R BRI BRI 2K
Jiid, B E A AR 9K 45 KB 48 1P R RE AT
TR, e CATERG VTG 400K 85 H8H 4 e 70 R AR S it ot
T NL W I R 5

4 BTFEBMEeREAFMHENIN

52 B PR L RS IO HE (ITERD 2212
RGN EEH RG> CGE—ANEBFHRNE) , &
K#) 500%F1) ITER 2 WrH {8 FH 58— S 45 m] DAFE B K
05 ] P O 2 2 8 T A BB A R L T B AV
ARSI I N HEH A AR R BB AR A Bk




.+ 612 - WA &RBMELS T %53 %
n AS-R a Ur—wm “ ) N—5s __ C

E 10} « AS-R-irradiated 10+ * HPT-1-irradiated 10F ® HPT-5-irradiated

g 9L 9l 9t

&8

3 81 st 8+

o

s It 7+ 7t

S

% 6 | 6 - 6 -

i Y Y B i

4 - 4 4
25 3 35 25 3 35 25 3 35
Radius/mm Radius/mm Radius/mm

K 13 4RHEATE AS-R Al HPT AbEA) Mo FE AN R & e il ) 40 K e 5

Fig.13 Nanohardness measured on various perimeters of AS-R and HPT-processed Mo samples before and after irradiation™®: (a) AS-R,

(b) HPT-1, and (c) HPT-5

FERRIRAR, EMRSS 5 N EARBIMMSE. FE K2
WX TR ZIEIZ R BN ARSI R REE. H
TEE B AR Il S AR Tk B R R S i DR 3 B S
BOL R, K IHAS S RA R EARNERE, MR
e ITER HIg 7. DAk, BFFEAN A4 IR SR %R
G AT T IR AR T

Garcia-Carrasco Z5P2R98 7 Mo Al He g & wh4H 5%
S E R, R IAE Mo HE IR 27742 K2 30 dpa 1)
s, FEOLLANEEN R REM TR 2Rk
FEAHS T 30 dpa [ He'fElE 5, FHE G2 T miA
20%. . FHEKA R 5 30U 0 3R 1) 52 ) 5 B s F 2
Rl BT AR, RO B IET 40 nm Z R
H 1% He 27784 . Marot Z5ERLLIRF 7% 1 i A/
T B AR RN, BH SO B AE KA R AE KA 254 T
RATER . IKA R AE RN R R I B3 118 R
S, SECE R LYE N AR 50% B T S T R IR &
P HIHFE SO AT 7%MHFE, 1% 2 BN TE AR
i, REERRIY 8 S g, 8RS
BRI . il XPS RIEMEFI XPS 4 5 TH W
&3], AR B, R R R AR
tl, SESLEEA 250~2500 nm AT 7T 70 Y A 2 H
LRI 2T B IS

Peng PR Ft T SAHAE BB R A TR T
HEEMRAT N, SREH, RLRHEERNENSEE
R4 524 900 nm, %F R T ITER H14 90 AN R A 1555 1 11,
BT A R BRI CONT 10%) , 18RS REF R
HREWE I ST AR @ R N T F g R AL,
eI N A AR R T SO R S g ST ), X T R
T P 4 BT ) o R 1 A Y,

Grberg B T (1000 . (1100 . (111) A
(112) 4 FioAS [7] (1) 2R 10 H ) 3R AT B R0 B ARl 1
ORI, TSGR SR MM mA L, B (1100

MAZARREZ N 60 eV 4b, HARRMMIIAREL ) 35 eV
CanPE 14a Frm) o B 14b kRS R T e D85 7= 28 iR 3
MBI T DL BITERRE R T, FrA RIS 2 46 e #87E
35eV iti, (100D HU [ {1 5 7= 2 A v B ) fr) i i
FERAR, AETT R Z A2 AR /N . IR AR LR
ZEie: (LD PRCAREPIRTE OB RS 5 20 (R HL
IF) T RIS P2 R[] s (20 S [ 2 T L ) P i i 7 6
HEFREEA K () M TIIERE, W I 71
LRI AT LA R, TR R T X 3 T HO I 19 A g
B BRI TS RE 15 Frrtl. | 15a
F115b 3 R R T AR R R 1 . MBI LLE ), 2
PR 25 LA . S80S ML, BRI
FHH BRI BILE, NIRRT I R E B LT X Ik
BRI AR IR (1100 K. 45K, (1000 FHTE
I RE == RS T LA S DR 28, TR S5 58 M vk i 72
RS i D IR AR R T BUR 2 A BT (110) R .
LA T4 L th 5 Peng S5 RL s A HEWERE, IEIA T RF
(1 T ED 7465 2 K BH B P B S 28 7 A AN [ PR 520
Nakano ZEE7gF 52 T 1~5 keV 555 T 370 35 1 4 HE 4H
2 RSB AR IR . 455K, 7F 320~850 nm
BTG N, o 114 2 S5 2R o 5 e o A R = 1) 189 i
BEAIG, JF EL S5 HEURE 7 10 P2 it L T BRURE: B 1) PR B K
SERGEI, 2R H AR A BT R R R SR T X S
473 2 BT Ao 5 R S HRRE b, e TSR TR L,
S0 R B S R ) IR AR, R e . X g
FHIEI T 0k 1 % 0% 2 SRS T AR, I
SEURM RN TR, thoh, F5E KR 4R T 5
62 S R ARAREAT TIRAWF T, RIS &R R
FERABARRT (<600 K) , Ja RET AR AR 4
R R, T He MRS SRR SR TH TE BT 2 90
KIGFIEG, U8 7B MRS, Ik
e PR O R Ono 5By AIF 7t 45 B AR AR I — 4



52 k) BH 28« 41 4 8 1 TR IR R A0 AT N TRt + 613«

0.50 0.50
0.45f = 0.45f = (100) b
0.40F 0.40F*® (110) .
0.35F* 0.5 [ 4 =—=(111) Wt

E 0.30f* 0.30f * —(112) .//

o 025} 0.25f y

£ 020} 0.20F ¥

£ 0asf ( 0.15f r P

& 0.10f e 0.10f w

L oA L Z
O.OSM./u 1 1 1 1 1 ggg- -A.."f//l PR IR I S N T M SN N1
000740 "60 80 100 120 140 160 180 200 > 40 60 80 100 120 140 160 180 200
Energy/eV Energy/eV
Bl 14 AS[RIZR T RIS 7= 3R A D e 9 bR 50 T SRk i AR A

Fig.14 Sputtering yield on different surfaces as a function of energy for single impact simulations®®: (a) perfectly smooth surface and

(b) atomistically rough surface
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Fig.15 Sputtering yield on different surfaces as a function of energy for cumulative impact simulations®®: (a) perfectly smooth surface and

(b) atomistically rough surface
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Abstract: Molybdenum is a refractory metal, which has good high temperature strength, creep resistance, thermal conductivity, corrosion

resistance and low sputtering rate, and molybdenum is an important candidate material to meet the development of new generation nuclear energy

technology. In the irradiation environment, ion irradiation will change the microstructure of molybdenum metal. The recent studies on the damage

behavior of molybdenum metal by irradiation were reviewed. The effects of different ion irradiation on the microstructure, surface morphology,

mechanical properties and optical properties of molybdenum were analyzed. On the basis of the existing research, the future research direction of

effect of ion irradiation on the damage behavior of molybdenum metal was prospected, so as to provide a reference for the development of metal

molybdenum and the application of nuclear reactors.
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