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Surface mechanical properties of 2024-T351 aluminum alloy

strengthened by cryogenic laser peening
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Abstract: In order to investigate the effects of cryogenic laser peening (CLP) on the surface mechanical
properties of 2024-T351 aluminum alloy, the Nd: YAG nanosecond pulsed laser was used to carry out
the laser peening on 2024-T351 aluminum alloy at room temperature(25 C) and cryogenic temperature
(=100 C), respectively. The micro—hardness, residual stress and microstructure of the samples were tested
and analyzed, and the strengthening mechanism of CLP was discussed by the laser induced microstructure
at room temperature and cryogenic temperature. The results show that, the dislocation density of CLP—
treated samples is higher and the grain size on the surface is smaller than that of LPed after dynamic

recrystallization due to the effect of cryogenic temperature on the sliding and annihilation of the
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dislocation. The surface micro —hardness and residual compressive stress of CLP —treated samples are

respectively increased by about 20.3% and 21.6% ,

compared with LP samples, and the surface

mechanical properties of 2024—-T351 aluminum alloy are improved.

Key words: cryogenic laser peening(CLP);
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1.1 SEIGhF R R

SEEAPRER ] 2024-T351 4144, HER{L#
AT SHPEREQNER 1 PR, BRI TR 20 mmx
20 mmx2 mm E‘Jﬁﬁ%iﬁ#,ﬁﬁﬁﬁfdgﬁ%%*ﬂj&@
MG IR T, ARG 8004#~2 000# SiC
WA AR R AT, REH iR mtE
AR R,<0.05, PRIEIFERTH AR 5 2R )Z K%
iR,

1 2024-T351 SEEEWER S S EEE

Tab.1 Chemical composition and mechanical

properties of 2024-T351

Component Mass fraction ~ Mechanical property Value
Cu 3.8%-4.9%
0y../MPa 340
Mg 1.2%-1.8%
Si <0.50%
Fe <0.50% E/GPa 72
Zn <0.25%
Ti <0.15% HV 131
Cr <0.10%
P 7.2%
Al Bal.

1.2 BOEm AL

CLP 5 R A A R B E 1 s, %F
PRV RGNS IR L B 7E-110~20 C,LP 5543
BT R (25 O FHEE IR ((-100£3)C) F #47, H
FIRB S TR MATKARZTEM R, Sohiit
TR TEIFEE A RO I T 2380, &R H 4 mm
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JE KO LB AR R 2R )2, WIRZE SR L E 3M
AR 120 wm JERYERTE . CLP 280, R
T A% R A% (AR Y R —200~0 °C) 32 A W ) 3k
W, AR R ETE (-100+3) Cyu Fl i # 47
CLP 5255, WOLAS RS E INNOLAS 2/l A4 = 1)
SpitLight2000 % Nd: YAG 44 b #4067 , Hook K
1064 nm, Jk%E 7 ns, HEMFE 10Hz, R IEACL S
Tk, R IZERA 0 T iR R P Ak B As 452 LP 4k
AT LA RSO 2% B ol 4.9 GW/em?, DL
whi % R 129 AR HEL B9 2.4 4%, #8058
JEJG LP 15 R34 N WRAEA TR, X —a s
HOAWR 8, FEERES IS TR sh A E
Ras B & A AR, T A8 bE15 5] CLP 54k
RAEBOCI RS K 5.8 GW/em?, oG E )
2y 0% AR HEL (9 2.9 £%, LP 5CLP HABOLS
AR, BARGTR O EREEAR 2 mm, #5355 50%,
WEAL5R AL H G X 10 mmx10 mm, & 2 2 2024—
T351 %S B A OEBALHT S 1Y 2 B S .
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Fig.1 Experimental schematic diagram of CLP

(a) Untreated

Pl 2 3R R T AL T 50

Fig.2 Peening morphologies of specimen surface

1.3 FEAFHEEENK

% H HIGHWELL 2 w2k 7 iy HXS-1000TAC
AR G ORI e YO R R A A S R T R EE
Tia) B9 o R B A3 R R R (LP (4.9 GW/em?)
CLP(4.9 5.8 GW/cm?)ilkFE4% 2 e, A ilpE7E [/ —
TRPBE AR PR 3 AN, I SR B R TR — IR 6 M
D) S5 P SRR ST AL, JBUARE: DX 35 R A 00 437 1 G el 3
Jiz o Sk Ut I e Z2500h < AT 200 gf | far K22 I
[8] 10 s,

20 mm

etection
position

(a) WOLME AL X 5
(a) LP area

(b) HUREA B
(b) Sampling

(c) Al xi i B

(c) Detection
position

Pl 3 BOamE L AR KM REAG I (7 B /R A

Fig.3 Diagram of LP path and detection position

position

of subsequent properties

BR ATV 7 AR SR F X—-350A B X 5 26 i At
1, MK SEC AT 311, ¥ /A5 50h 00,
24.2° 35.3° 45°, W J1H BN -162 MPa/(°),260 14
TG M 21k FA 5y R 143°F1 138°,20 A4 1E0.1°,
THEESTE] 0.5 s, JEAF HLIE 6 mA, A HLE 20 kV, 1
HEH®A 1 mm, N T RRIUBITEMET AR5
ARNTT R RO R T B B R B R Z MR
ffR il G oR D XF-1 B HL, JCHE 12 Vv, i
0.1 AL HDOEETE] 2 min, B AR R BN A0 EE 2 TR .
FRATIY FIAR I 5 8 5 S A RGN O AR IR, AR
KA AN 3 Frw

K OG22 W8 (OM, AxioCam MRc5) 5 i it
1,7 L 18U BE (TEM, JEM—2100) %8O I LA 38T S
A A O A LA T ULEE , SR D8 7 =X, DA
FLAC XIS #E 5 mmx5 mm JFHUREE, RIRAE
FH 1 000#~2 000# SiC b 40RF R RE Al It AL 2 1 4T %
FEWEHL MBI, AE OM T WEIRAE ] 4 Bk ke
WML E R, <0.02, JF M KM HF (2 ml),
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H;NO,(6 ml)5 H,0(92 ml)iR & i W , I il i) 1] >
15 s, >k Image pro plus K35 #7 4 FHAL 21
B dmR R SE . 7F TEM T UL RE ] 25« B e v IR
B 5 1) U0 ) iR E 29 500 wm B9 R, KIKCR A
800#~2 000# SiC KHP WAL HE E 50 pm Z£47,
AR BY R N R I R T L SSRGS
65 vol.% C,H;OH 5 35 vol.% HNO, IR GV, HIE
12~20 V, i 80~110 mA, iREF-30 T,

& 2 2024-T351 SR A S RBIMLRNVLFERS
(A%, %)
Tab.2 Chemical composition of 2024-T351
aluminum alloy electrolytic polishing
solution (Vol. %)

Composition Percent
H,SO,(p=1.7 g/cm’) 34%
H,PO,(p=1.84 g/cm®) 34%

CrO;, 4%
H,O 28%
2 ERESH

2.1 BYEE

PR e Yl 2 K ket A W e B || I R P
N, BTSN TR IR BE AN, CLP A3 5 A i T4
R0 5 LP AFRA BT 22 5 & 4 43 5 D AN RO T
AP 2024-T351 456 4 J5 BB 5 1) b Y S Al
FEor A .t 4 AT, HEOEH R R 4.8 GW/em?
ff,LP 5 CLP Zb 35 , iUk 32 )2 B foicfefi B2 43 531 35 )
T 158,181 HV, 5 R AH L4 5142 & T4
20.6% 5 38.1%., FlAE TR EERYSE AN, PR T 2040 R
R 1% b R %) 5 B i ek Y S Y, (HJE CLP 5
LP 4b P i A8 A 2 IR BE 43 5128 0.52,0.59 mm,
XU I TE A R 0D R 8% B 45 R, R 4R CLP Ab 3SR
R € S T A (E P SR T R =S P S TR AN
AN R AR R OG T 258 % B 25K, CLP Ab A
14 22 23 Sl F RS B O gy | 35 RV PN T AL A o R A
T AR R ST IR N S0 Y CLP Ab B Y o R a3
JEXE M E] 5.8 GW/em? i}, R 2% J2 10 1R 12 35 3]
T 190 HV, 5 LPikFAHLL, W ERA T4
20.3% , [RIEFA AT L& B, 520 2GR EE G NE] 0.61 mm

== Lintreated

\{

2 T = LP(4.9 GWiem®)

180 F "--\,\X T ==CLP(4.9 GWiem?)
NN\ CLP(5.8 GW/em®)

165 F

e H__\
150 ‘\: ;
135F ; ; 3 :

120

HV

Micor-hardness/

] 0.2 0.4 0.6
Depth/mm

4 RSO AL T 23810 2024-T351 484 4 5 J7 1]
gt
Fig.4 Micro—hardness in deep direction of 2024-T351

aluminum alloy by different LP

22 BRRNA

B% AR IV AT R FAE 2 2 AR R 7 RS Y
RS, HEE WA R IE 57 F . DFIE R WAL 48
5 BE X FR AR N ) B e B B S, SR I 26
£ 1 FWHM >k & ME b R} 38 T8 1Y 67 485 25 BE /0T
AR OE AL T 2 A 3 2024 -T351 I B J7 16 5% 4%
N 3 WEAE A 5 2w 56 FWHM 20 & 5 5K 6
Fis

M5 R E YOG R R 4.8 GW/em?
B, LP 5 CLP 4b 3 J5 #4 B} 3R J2 0 5% 4% I 1 43 501l 35
F| T -167 MPa 5 -189 MPa, 7t & 6 1 Xf 1 #Y
FWHM 43514 2.73°5 3.21°, 5 LP Ab#AH L, CLP
A PR B R Z TR AR N )5 FWHM 43 548 7+ 1 2
13.1%5 17.5% ., BlAEGEERIG I, OB LA S0
BRAR N 1R AE S FWHM #2 #if#IL, CLP 5 LP it
FEBR A R 152 W R B 43 A 2974 0.51 ,0.59 mm, P
HH A R 380G T R % B E CLP b 3 AT L3R4S Lt LP
A BT v B SRR TR AR I 5 LA B (B 5 e 2 TR
FEA BT TR BrBOLY R % N3] 5.8 GW/em?,
oy T 306 b PO 2.5 541K HEL, LP il kE
F A ER A T A PR, (H CLP Mok JZ 4R
SR 543 S8 {E 5 FWHM 435135 %] T -203 MPa
5 3.42°, 5 LP(4.8 GW/cm®) b HAH 1, )2 5k 4
N IR AE 5 FWHM 43 3425 17 29 21.6% 5 25.3% .,
G, 3% A 0 A SR 2 R FE SR 2] T 0.60 mm, L]
it Ak IO FR 3 BE | CLP A AT L3R4S 0 7 i
RIZRARN I SO F R, JF B2 2R A g
Tt o BN R TRV B T LA U RS BEL T 38 hin , A4 Rk
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-240— : ' '
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Bl 5 AJF LP T. 2804k 2024-T351 554 4 U7 [ R AN
Fig.5 Residual stress in deep direction of 2024-T351
aluminum alloy by different LP

3.5% I
== Untreated
3 06 L = LP{4.9 GWiem)
~CLP(4.9 GW/em’)
E 2 50 - CLP(5.8 GW/em')
=
|55
2.0%

1.5% [

1.0% + : : .
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Depth/mm

K 6 AR LP T.2:58 4k 2024-T351 4§34 &V J7 il FWHM
Fig.6 FWHM in deep direction of 2024-T351

aluminum alloy by different LP

2.3 WMARSENLHIE

LP $¢ AR 238 o WOt il il 375 5 00 98 1 AR B 52
XTI AL By 5 Ak, AR TR B2 Bl 25 30, CLP
I FH B IR 5 88 1R N AR R AN, 15 5
JEE AL, XA RESE BN ) 3k 5 2 8L Ak, 35 3k
HMRIRIZ TR RO . AN RO AL 3 S
A AR LR 7 Bis o AT DU Y SRR 1
RRGT B K, M BOETIR% R 4.9 GW/em?
W, 285 LP AbFS | ok T8 3 1 — 5 R 21
&, SERIRATLE 58.3 wm 747 ; CLP AR BR S Y fios RO
16 LP Al i —2000)N, SPRSTZ9 43.5 pm; Y
CLP HOCThR&EEEHINE] 5.8 GW/em? i, kK i
TR AN = 81 O N R A W = S TR P T
REFIRBNT 32.6 wm, A SCHFFE 13 B f kL 40 4k 5
R AL B 1 7 A Sz Bl A G, MR 4E Hall-Petch

A H, AR GOUL RS 2 5 1, Sy S A B ROUL i 32
{EL; Ky NH ARG d iR RGE , RTLAE Y AkL R d
N R HGE  HT CLP AR BRAAHR & 6
FR) e RUST SR /I, B LA G S ol s 2t 3 v
HER5KE 4 —3

7 2024-T351 & &R MR AHLLL
Fig.7 Microstructure on the surface of 2024-T351

aluminum alloy
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& 8 J A [ElEOEHE ALLL ] 2024-T351 #3543
A SN EETES . WE 8() ] F i, LP(4.9 GW/icm?)
AP AR PE AR IE I N 237 A R i AR 2 5 07
FERE L TR 8(b) AT EHE CLP(4.9 GW/em?) &b H 5 1) 3%
URDA ¥ 2t B a2 TR U X VA =D & I I
AR A5 2ER% a4l 55 1 0 (A b4 R N R E
R AL I S AL R . BOBHE CLP(5.8 GW/em?)
ABFR TS Ak P S 8 5 B I 5 6 B g 2 gk — 2B 3
WE 8(c) R , R IFEARRIBOC DI 2% |, CLP &b
PR B L R 4 % B Ty, HAR S OG Y R
JEAT R TR B B30, 3= MR ke B

AR T R AR i A A

500 nm

8 2024-T351 & G R ML A
Fig.8 Dislocation patterns on the surface of 2024-T351

aluminum alloy
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(a) Original grain

(b) VR K& AL
(b) Cryogenic induced (c) LP induced

dislocation dislocation

(c) BWOLWALTE K AL 55

(d) o5 4%

(d) Dislocation wall

(e) W AHA
(e) Subgrains

(f) 4tk fhkn
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[ 9 VR BOGIHE L 2024-T351 554 4 oW &5 # v 1k s 2 1K

Fig.9 Schematic illustration showing microstructural evolution process of 2024-T351 aluminum alloy induced by CLP
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