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R TR AR DA KON ) 2 R BB 52 o Farrell 559 A 7D L 6061 456 48 P58 T Al-Mg-Si &
SAE AR A RETE 09 b 58 WA R 12t Reny 28 4k, Horp Farrell 2619 = B 5Y 1 # b 72 B AP 1o B
39X F 6061-T6 554 4 7127 Ae O ARS8 | U s B RN A& >R ) (19 5% i, X 2 2 07 D) o 2L 44k sz 7
R TA] L i A AR S 6 6061-T651 #4112 MERE RS W iEAT T A9 . R AHOCHIESE I LA
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225 o DR, 7R A% B R e B S5 AT HR ) TRIRE 5 X6 245 KA MR PR B SE TR | B B8 AR SRIE B A KRB T
HIVEREEAT 2 TR A GBS, JE4E e 7 AR N YA R AR, DUARAS T i A5 A B R . I N AR XT Tk
248 PRI A1-Mg-Si & 4 76 [R) R B2 R A8 587N 19 ) 27 Pk B S A BRI 58 45 22, 1 32 B TR EE &%
N7 RN 7 RGN R — N T, W 6061 FR S 4 AE 200~ 600 °C 1Y iR i A2 17 43 H H Arrhenius
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Joj AR 2R 35 LA Kk B A0 5 [, 2 R AR08 0 % 4 Rk T 2 1 R 5 i, ST A B ) 2R AR KRR,
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FRARA I 30 4F, K52 T8 AR 3 v -l o, 32 2D RE R A 1R s oy ME kORI A 2 4, T v A id
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R o3, A H FE AR s R 1 R . (HAR— 402, 2 1 Y Fe JUE ok H TR, 18
8GN, SRBICoe. M X 4t
ZEAT 5 43 B R (X-ray diffraction, XRD) Xt #4 %} 1 #HERLT2ABASERUFETRAIORED K
AT WA AP, SER R, B T g o ﬁi Table 1 Mass fraction of mian chemical elements in
ALS FHAKEEL RIS ARTE R LS A Me,Si, trradiated LT altminam ofloy
AISiFe MR Si FOEAE A, MR HpTRT  o0F  Me ST Fe M A
B K (electron backscatter diffraction, EBSD) 3k BESH  069%  068%  0013% — _
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Fig. 1 Inverse pole figure map of decommissioned LT21 aluminum alloy obtained from EBSD characterization
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FELPA, Rk i JeE AR it B2 . AL 8l 2 g 0 T B Ak AT Sy B I 88 P v T A oAU A 9, R0 Y Sl ) L Ak
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Fig.2 Quasi-static compressive true stress-strain Fig.3 Quasi-static flow stress as a function of
cruves at different temperatures temperature at different strains
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Fig. 4 True stress-strain curves under different strain-rate Fig. 5 Dynamic flow stress as a function of strain rate
compression at room temperature at different strains
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W, Z ik — L R R G — B ) Z-A BRI,
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K o HEBINTT, & FEFERNAE, o, A sl J7 B ARG T 53, k= h
O,.=0g +kd 4)

s o0 A5 BN B A A AR S ) A S 3 800, ke SRy AT ol 4 4 7 7 56 B ) i e R &
B d SRR3R, 2 (4) 58 I ED R Hall-Petch 35, HI 33K T & S0 2l 1 7 A0 5G9 A1 407 )
j';ﬁgéj\o

3 3) WA S AT B AT PSRRI, RIS A4 e AR I EE LK A8 5T 4 S i bz 17, 2R3k sk
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b & WAV AERR, B, B, I AR A CHI AR SR
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a = ay—a,lné (7

P & NERUNALR, ay Il o IS RAH R RS H

ARSCHT HESE R LT21 456 4 Fr B /Y I [, 76 S0 HE I AUVE L L 2 H, RS IR 15
T T 32 15 F1 5 [ 2 8/, BIRZAE TR E (30+10) °C BYFL sl b, BRI 7o 32 19 v R 78 e G
MR 12t RE e o T2 . MR TR RS, &7 R AR TR, W2 E NS A .
A M I A4 A R = A= 52w, AT Z-A BRI 2288 o MU R AR ARk o TR - AR A R B (AR
PP A U A R B S S0 B R AR AL HL R 7E B Z-A AR R R RS R L I AT AR UE Seeger ZE 4R
B Bk HY R A A £ (dispersed barrier hardening, DBH) & 711N 1521 3L F Orowan™ ()5 B BLISHESL, 4 )8
PAY SIS TR 2 R ke o ELASA57 ‘65 i 6 6T T IR 12 g 19 BT ik T R oy

Ao = o/ ub(Nd,)* ®)

Ao w B b 53 51 32 56 R4 T 1 B UIASE B AU AS 307 O 5 (R K/ DN, N I dy 30 R R Rk R S A R ke i 1) 7
B FE R RST, o i FRAE 4 BRGS0 B2 0 2850, FH T353R 4R P9 A ) o 24 10 8 R sl 5 %o s RELAE £
HI DTk . SEOREE F B, YRRk PN 1Y A IR I O B AT @/ =0.3, Sl 2 A DU TR BT o/ =0.2, Sl IR
2R a'=1.0,

TiAh, VR 29 R, - B T AR 2R 4 R B iR T AN U IR TSR B s e B, BT T Z-A B
AUrh ) Hall-Petch AT 5200 . 25 L, 5 8RR 1Y Z-A AR 5 FE 0T R R
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0 =0G+kd* +Bexp[(BiIné —Bo) T] + &/ ub(Ndy)* + Ae? exp[(a;Iné — ) T] )
200 =0 tkd" 3 +a’/1b(Ndo)%, TE 4 JE M BHI A3 A1 H - R GE 0 E B, PTD o, TR S IR
TCRMM B 5 Z-A BB o, A, 380 T SO0 BREREE i s . )= (9) AT RifE
o = 0+ Bexp[(BiIné — By) T| + Ae? exp [(Iné — ) T (10)
XPF LR RRA, R LRSS G SN E UEL2 B EIELEUE RS 5E, ik
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o (1) PG TS 1 o) A A2 BE I AR 2R 1 52 ) 5 52 0 4258 /0N, 380 b o I DX 0 T 22 PR R AE

W

%
(2) B oy =09+ Bexp(BT) , KB =Bilne -y, Woy = o, , A RIR BEHERF S M T MK oy 5
T KRB S KRRy = yo + Aexp®™ EAELL MR G, 7115 oy B LA SEFRSINER T Y B 1H;

(3) A b, AR A8 3 iR S A M T MR oy 5 THIRR, LKA o, F1 B 1YE, 7]
A3 T SRASAN [] 10 A 2R X6 1, Y B {HL, Pl L 2R A B Al Ing B & R A5 5 B, F1 B, 1H;

(4)¥ Z=Aexp(aT), K a = oy — aInég, WA K R AT @A N o=0y+Ze"°, K PREL y=a+bx’ VEAELE
PUA, AT SRS A 45 L 7 -0 A il 4 R Y Z (B, P O AS (R HERR S IR T 19 Z (EHIA 4, AR R
R RS T 0 ZEUG o, Fl ape B4R BB Z-A A SHUE IR 2 s

®2 ERBERRGH Z-A FORESY

Table 2 Parameters for the modified Zerilli-Armstrong model

o/MPa B/MPa B Bo A/MPa @ @,
40.00 148.58 0.000 127 0.002 86 237.838 0.000 101 0.001 52
K 7% B R BRI 1Y Z-A AR SR A5 R 5 SR 4 R L an (8] 6 fras o AT DA Y, il i A A A

RITH A5 31 (%) LN J -0 A8 i 26 RE 08 A 4 i 3 S niy HE PN IR 1% 30 4R A9 LT21 fR G & 7E R EE IR | 1
AF NIRRT W AR AR TEAT Mo T B SR, AR ol AR I AR R B X [) B A i AR e i i
ANBIURREL 2 S5 BI04 BHA R REEE 12 DX T R X T i 7 4l g B ) OB M B 9, E TR R IR 455
EE K221 5 HAD Al-Mg-Si 5 48 WA BRI Lb, ASBIRIER T BB A% S kA R I8 P A28 T2 (1) 1
SHLERSR, Xt T Arrhenius XU IE 5% BN G IAR (B A8 AT R, LA Johnson-Cook A5 Y i i &5 SR e 2
B 5 =R NIRRT I, R A A

250 ®  Experiment 300 ®  Experiment
Calculation 250 | Calculation £=5.0%10° 5!

e 3 o1
e=3.0x107s ™ 4oy gx100 5

True stress/MPa
True stress/MPa

0 0.05 0.10 0.15 020 025 0.30 0 0.05 0.10 0.15 020 025 0.30
True strain True strain

6 HIEIEIBIANINY Z-A AR 451 5 S 2R 0 1L
Fig. 6 Comparison between experimental results and modified Zerilli-Armstrong model prediction
T3A1, BT ARSCHTSE AT I Y B I A A IR S I M M SN, AN [R)AF 7 5 A A U A B A
—, PR AR AR AN [a] X 28 32 1 B vh 7 e O A AR TR ARSI R AR AR AT AR, R LA
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RAM AR R e IR A I 1] BT A7 b T3 B 7E 1.90%10%°~2.46x 107" n/em? (i ip 3 2 B rp 73 5 24 1 55%,
Perp 38 5= 24 5 20% ) 0 A 5 RO R S50 A o B R b BT SO AR SO AR 8 4245 T AL 1Y
Porp IR (0.23 #1), 55 A1 LT21 $R A & AE 452 1.05%10%°~1.35%10*' n/em’® B 38 & 1 8 115,
— A LA JEFIEAR A LS B LR Z) S 0.002 4%~ 0.031%, BIEEAS A= i i Si e/ T3 1 FRET Si & &,
DR, 74 SC T b 758 B 3.80% 10" ~4.92x10% em™ 38 Bl N T 77 £E B SHOWL AR PR B A X LT21 485
& SRR . T 30 AR AT AL R R 248 B A LT21 57 A 4 DL KA S SO0 52 56 50 i Sl =, Tl st
FIEBIAREIN LT21 86 & RMIE LI T S 448", A X 2% packan 550 5 AR i@ R 7E 1.51%
10"~ 1.54x 107 n/cm” i [ P4 55 S0AR P9 4 HR IR S 5508 B2 N RT3 RST ) 1 Ak 50, IR 48 508
SAUA R LIS (V)" S 738 & &, 7E% X X NG R, 155

(Ndy)* =53 583 -50 691 exp(~6.95x 10” ) (11)

WELERNE 7 . T2 d Pl e 2.56x10"°~2.70x10% cm > 5 B I, 75 40065 P93 i 48
MEEE L2 0 R 32, WFE o, B RIBX T e = 1.0, A K EHL 5=2.86x107° cm, BY V] 4K & 1=28.48 GPa,
F (11) 2] 528 v % pl 8 M543 A PG JE 56T oy e LT21 484 4 A0 W IR 0 25 I 3k 1) it AR i 38
oy St il o R WK 8 Fin ., ERAL oy B oy BE 2 B AP 505 IR Bl B A8 1k (1 52 0,
Bl e 30 @, Y BE I BG 0, AP b il T 107 n/em® B EIR AL, oy 5 3CHEkOR MR T
A RS R Al AR 1 Je R R B, LR PR b R AR R R AR o BRI, AR A Rl A A
Sf AR LT21 585 G A — i PR v 3 2 Y0 1L P ) LB AR AL 71

60
e Packan® 99.999 9% Al
Calculation

g 40
>
x
=20}
5
Z

oF [ J

10]9 1020 102] 1022

Neutron flux/cm™
B 7 T algn P B e BB B 1Y (Vd,)™ S P FE R A LR (E>0.1 MeV)
Fig. 7 (Nd,)™ as a function of fast neutron fluence in high-purity Al (£>>0.1 MeV)

150 1

True stress/MPa
%3 S
S S
\\

. 1019 ‘1020 1‘02] 1(‘)22
Neutron flux/cm™

K8 ABIRL R oy FI oy HYELRE R 738 Bt Y2 LR FR (E>0.1 MeV)
Fig. 8 o /oy as a function of fast neutron fluence (E>0.1 MeV)
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FRAYE (10) AT N, 7675 AR BB 1 Z-A A 7 Rt v, $Rorb 7 S 8500 18 A% 7= g e b 7 5 3500 e R
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Mechanical behavior of long-term neutron-irradiated Al-Mg-Si alloy under
compression

HU Ling', ZHENG Hang’, FENG Qijie’, ZHOU Wei’, YE Xiangping', LU Lei*
(1. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
CAEP, Mianyang 621999, Sichuan, China;
2. Key Laboratory of Mechanical Behavior and Design of Materials, CAS, Department of Modern Mechanics, University of
Science and Technology of China, Hefei 230027, Anhui,China,
3. Institute of Nuclear Physics and Chemistry, CAEP, Mianyang 621999, Sichuan, China;
4. Key Laboratory of Advanced Technologies of Materials, Ministry of Education,
Southwest Jiaotong University, Chengdu 610031, Sichuan, China)

Abstract: The mechanical behavior of Al-Mg-Si alloy after long-term neutron irradiation (i.e. LT21
aluminum alloy served in the reactor for nearly 30 years) under compression loading with different
temperature and strain rates is experimentally studied using material test system and split Hopkinson
pressure bar. The effects of temperature and strain rate on its yield strength and flow stress are obtained. The
results show that the material exhibits obvious temperature effect within a temperature rang from —40 °C to
300 °C and positive strain rate effect in a strain rate rang from 0.001 to 3 000 s™', respectively. At a lower
temperature range (from —80 to —40 °C) and higher strain rates (from 3 000 to 5 000 s™'), the mechanical
properties are insensitive to changes in temperature and strain rate. When the temperature reaches 300 °C, the
plastic deformation behavior of the material tends to ideal plastic flow. Based on the above experimental
results, a modified Zerilli-Armstrong constitutive model considering irradiation damage is established by
taking into account the effect of microscale irradiation defects on the mechanical properties of materials. The
Zerilli-Armstrong model predictions are in good agreement with the experimental results. Furthermore, the
yield strength of LT21 aluminum alloy with different fast neutron irradiation doses and the yield strength of
another two samples obtained from different irradiated regions within the reactor at different strain rates and
temperature are calculated by reference to the evolution of microscale irradiation defects of high purity
aluminum. The above research shows that the Zerilli-Armstrong constitutive equation considering radiation
damage established in this paper can not only establish the relationship between macroscale stress and strain,
strain rate and temperature of the Al-Mg-Si alloy after long-term neutron irradiation, but also describe the
dislocation motion and the mechanism of irradiation hardening. It can provide reference for the design,
operation and safety evaluation of the corresponding structural elements in the nuclear reactor.
Keywords: impact dynamics; irradiation damage; Zerilli-Armstrong constitutive model; SHPB; neutron-
irradiated Al-Mg-Si alloy
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