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Crack propagation behavior of laser-MIG hybrid welded joints
in 6005 aluminum alloy

LYU Ke, YANG Bing, WANG Shuancheng, XIAO Shoune, YANG Guangwu, ZHU Tao
(State Key Laboratory of Rail Transit Vehicle System, Southwest Jiaotong University, Chengdu, 610031, China)

Abstract: The fatigue crack propagation behavior of laser-MIG hybrid welded joints in 6005A-T6 aluminum alloy is studied.
Digital image correlation (DIC) technology is employed to capture the local displacement field near the crack tip during testing,
enabling a comparative analysis of crack closure effects between welded joints and base material. The results show that the fatigue
crack propagation rates in the laser-MIG hybrid weld specimens are initially comparable to those in the base material specimens but
accelerate significantly in later stages. In contrast, the heat-affected zone specimens exhibit notably lower crack propagation rates.
A 4% compliance offset value is selected to determine the crack opening force. All specimens follow the general trend of increasing
crack closure factor U with crack propagation. Specifically, the crack closure level in the laser-MIG hybrid weld specimens first
decreases and then gradually rises to that in the base material specimens, whereas the crack closure level in the heat-affected zone
specimens is initially slightly lower than that in the base material specimens but exceeds that in the base material specimens in later
stages without convergence. The Elber equation is applied to correct crack propagation data to eliminate the influence of crack
closure on the propagation rate. However, the dispersion of crack propagation data remains largely unchanged before and after

correction, indicating that crack closure effects alone cannot fully explain the fatigue crack propagation behavior of joints.

Highlights: (1) The local deformation trend of the joint during the tensile process is analyzed by DIC technology.
(2) The degree of crack closure under different crack lengths is calculated by directly measuring the displacement near

the crack tip.
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Table 1 Chemical compositions of aluminum alloy and filler wire
ok Si Fe Cu Mn Mg Cr Zn Ti
6005 0.75 0.35 0.30 0.50 0.60 0.30 0.15 0.10
ER5356 0.10 0.40 0.10 0.15 4.80 0.10 0.10 0.13
x2 BEIZSH
Table 2 Welding process parameters
PRy /( mmes ) P22 BE v,/ (m min ') WOLTH R Plkw SMELAL min ") HLLIA LUV
8 13 3500 40 220 23

BRI 56 RN 5 2480 R 50 43 il 4k R
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Fig. 1 Specimen size and sampling position. (a) tensile R BN K ff B AL (high angle grain boun-
specimen; (b) CT specimen; (¢) sampling diagram daries, HAGBS).
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Table 3 Weld microstructure EBSD results

,Zigk E2E I:EWIJ (%) ﬂl%%ﬁtt@] (%) Fﬁl*ﬁﬁﬂ‘
AL [ 42 ZH 41 SEAS LG L HAGBs LAGBs d/pm
FEF 2.10 22.10 75.80 69.40 30.60 26.38
PG X 60. 10 37.90 2.00 16.10 83.90 18.86
Je ek 88.90 6.46 4.64 2.10 97.90 5.06

DR TE A SRR HE R, K5 J54E X 3 LAGBs
B LTt AR TR E AR EEIE, (5 LAGBs i 24
TG 2Ly B 10 AR A0 e A B
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P [R5 248, X T i bt T i dgusk. B2k AR [
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KAM), W& 2 fros. 323 AN ] X a2 2V ) 1 3,
WK 3 . RaREAMMER S 5SS KAM.
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Fig. 2 Different regions KAM of joint microstructure
KAM.(a)basemetal;(b)heat-affectedzone;(c)weld
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Fig. 3 Fluctuation of tissue orientation in different
regions of the joint microstructure
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Fig. 4 Stress—strain curves of base metal and joints
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Fig. 5 Uniaxial tensile strain maps. (a) base metal; (b)
joints
23 KAYLY RIXWERI LS
P 57 LY R, anE 6 Firas. 181 6 4
BEAE | B DX LURIAR 4 1) A0 R da/dN 5
I 77 5 B TR -9 B AK B RO Bt 8. AR A Paris
AN REAZEY R BUEAT 5, H
da/dN=C - (AK)" 2)
X C Al m AP RESEL
A& XAy e B S MR, 5 2
B, BEM BB H CH 2.04 x 107, BE m N
2.86820. H#FELWIXHIBH C R 6.22 x 107, &
B m K 6.06967. KLEERIZHL C H 3.63 % 10", B
Hm 2y 3.60684. XA 3 A DRI REY ety
R, KA AT IR RS e A it 2 A
AN . RWEREIIRY B B, MR 57
FU ERE L T REAF, WALy ATl 32 2

|
]

/

BEM EE
—— FJ#F Paris M2k

2L % 1g(da/dN)/ (mm- YK )

76 1 1 1 1 1
08 09 1.0 1.1 1.2 1.3

7 758 R TR 1g(AK)/(MPa-m'?)

(a) BHHA
o -2
X o IR XN
E P Paris fi2k
3 4l
=D
iﬂﬁ
B
5
&
Eﬁﬁ ,6 L 1 1 1 1

08 0.9 1.0 1.1 12 13
N7 15 T 1g(AK)/(MPa-m'?)
(b) FAFZR X

o JREELEM AR
JR4% Paris [iT12k

R A 1g(daldN)Y/ (mm- 1)

-6 1 1 1 1 1
0.8 09 1.0 1.1 1.2 1.3

7 i 5 R T 1g(AK)/(MPa-m'?)
(c) te4k

6 EIEFRIUY REZE
Fig. 6 Fatigue crack growth rate of joint. (a) base metal;
(b) heat-affected zone; (c) weld

BHHOR L S 520, RERF DX 38k P45 i ok r o T AR
R, g U S S ALY . i T ]
¥ RIE U T R A%, AR DX S A G T [X P45
i AR AR R H BB 0 REAIR, 25 5 &)
PEZE WAL, IF H TR i AR R I & TR AR
Ti) 2385 30 0K, BB AE D S A0 v, T FE 3 £ g
i, WEOE AR AE ARG ) X BT Ay R RE T, 1
MY R KR, S8 XIS 45
37 10 JEE PR TV Bl AK>8.00 MPa - m"” i, 423k i
115 2 A T 224 A XU



% 4

B, 4. 6005 4B 64 oE-MIG £ & BB LA Oy BATH 87

HESk A AR 48 R v BE RS e HE RS R e
(9187 S TS | O R SO 7 R . (R A
JUARTAN T 5 3 ol 14 7 5 Hh 2 DR AR 42k A
55 5 i, A ARHE DR R 4 Sk Bl s AR AL, TR T B
FIRAE R R LR AR D I By, $u X
IURER SO R IR TRER . ST Ry R ok
R, PRI DR A SR B 55 T BB B BT 55 W
HRE ), FRWIE LA IR AR AR R i A SR AR BE RS A A

PEFIRE B0 BE, A5 20 . TR e h, % sk
ARV TT WA (475 15 A B AR 5k AR N S Ah 5
BT B I LR U AT RN T EE Regp 038 5 0 2
guR Kk IF 1 Fop IRl I 4 28 502 U 5K T 77
Fop BIT5 5 A TE RS SRR VEAS I, 52 PR R 7g
S L IR T Ko AURR R 758 L T K, DAL 45 114
AT A TR DL X RE A2, i h T
FS RN AT, BRAY I RS AN Wy

LR EE A 2 WA, SRR A LR (5%
A PRI ST 3 2 B, A3 T AR B S
g™, 46 KUMAR %5 A7 ROF5 bt 2 B
S5 F AT b

24 BGAGKIERII LA

THHCFIEL I35, A8 T HE Rege BEZREUK B2 AR AL T
ANTERE , i 5 I A ] SR B B ) SR B 5 R HE
RIS, TS HE Sk AR I ) 0 LY R
L y 10 WA 2, NP 7 s, LLAMRR
U AR, BRI y 7 1) A R PN BB

DIC F A B30 & o Rum A 88, et 7EF] sl k.
0121 3% 100% 0121 74 100 vk 012} —~10x10° o:\
0101 — 4 x 104% 0.10 | 8 10° & oa0) 110 J
=~ | “exi0t%k = | woxi0tk N oA 2
< 0.08 < 008t < 008) = 13x10°K
b b b /
o 0.06 o 0.06 o 0.06
E .04 E 0.04 = .04
0.02 0.02 0.02
0 ' ' ' ' 0 ' ' ' ' 0 ' ' ' '
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2 500
i FN i FIN i FN
(a) BEFIEIR 3 x 10%~6 x 10* 1K (b) BEAEIR 7 x 10*~9 x 10* 1K (c) BEFEIR 1 x 105~1.3 x 10° 1K
R By ST
0121 410ty 0121 —r4x10°%k 010l 42 x10° 1%
0.10} 6% 10* I 0.10 --2.6 x 10° K ’ ,‘,4.4 x 105 7% /
= 1.6 X 10° ¥ = +2.8% 109K S 008} 4Tx10K A
S 0081 18 x 101K £ 0081 ~30x 109K s ' *
© 2.0 x10° X @ - S R ©
£ 0061 <2210 50061 T3R5 g g 0%
1= e 1= 0.04
0.04 0.04 48 10° %
0.02 0.02 0.02 ~4.9 x 105 K
0 0 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2 500 0 500 1000 1500 2000 2500
Heff F/N i FN iy FN
(d) P2 KAGER 4 x 104~2.2 x 105 ¥k (e) FEEMA X AHER 2.4 x 10°~3.8 x 10° I () HEEIHXAEIR 4 x 105~4.9 x 10° ¥
0.16 - 0.16 0.16 ———— T
-2 x 10* 1K o s Ve - L i
0.14 20 0.14 +}'§i }gjgb\\ 0.14 20510 %
. 0.12 *k6><104¥j'\ v/v . 0.12 471'6>< ]0575_{ . 0.12 2.1 ><1()>U\
S 010+ 12x10°% S010F 7% 1050k £ 010
© 0,08+ 13X 100X~ © 008} - 1.8x 105K © 0,08
= ! =
1006 %! 0.06 006
0.04 0.04 0.04 22 % 10° 1K
0.02 0.02 0.02 ~+-2.3x10° K
0 0 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

T F/N
(h) FREEDEFER 1.4 x 105~1.8 x 10° K

#iar F/N
() BRAETEFR 1.9 x 105~2.3 x 105 I

Heff F/N
(2) JEAEEIA 2 x 10°~1.3 x 105 ¥k

B 7 gy [ T8k
Strain—load curves of crack tip at y-direction . (a) 3 x 10* ~ 6 x 10 cycles of base metal; (b) 7 % 10* ~ 9 x 10°*
cycles of base metal; (c) 1 x 10° ~ 1.3 x 10° cycles of base metal; (d) 4 x 10* ~2.2 x 10° cycles of heat-affected
zone; (e) 2.4 x 10° ~ 3.8 x 10° cycles of heat-affected zone; (f) 4 x 10° ~ 4.9 x 10° cycles of heat-affected zone;
(9) 2 x 10* ~ 1.3 x 10°cycles of weld; (h) 1.4 x 10° ~ 1.8 x 10° cycles of weld; (i) 1.9 x 10° ~ 2.3 x 10° cycles of
weld

Fig. 7



88 B

¥k % 46 &

T 2 80 1 AF 7 B 4 A R B 4
KL, B EEZ A E GBT 6398-2017 { 4@ AR 57
TR 757 HB Y R T ) BRSO I I E Tk,
LRPELG Y 2.2 KN PR 1,76 kN 17 i B4
Ity 1~ R R A R 5K B0 B, Ak
BN B B REA 28Aar AK V- 1~ 8% il Gt iy A
M BB, R AR IR, WIE 8 fis. SCrh
T i B AR B 4% B 7 4 805K TT 77, SR A 800

155 5 R FE Bl AK e MBS G B F U Xt Paris
INFUHEIE, LA & B IEA N

AKe = U-AK
U= Kinax — Kc — Finax — Fl (3)
Kmax - Kmin Fmax - Fmin

I K AR ST BE N T3 K i B/ ST
59 5 TR 15 Fpax A BRI AT 5 Fi 49 B/ NI I
A

2500 2500 2500
e 3W i —~TW - 11W
2000 - 4W 3 W I - 12W
z A z 2000 e | owl Z 2000 T aw
= 1500 = iso0l <% = 1500]
= R i R
& = (f | i
%1000 = 1000} 3 1000}
500 5 ] )
& . o ® 500} \&\‘\‘ 500t
: X X X 0 : ¢ X 0 : X . A
-01 0 01 02 03 -01 0 01 02 03 -01 0 01 02 03
IS (%) TS 1 (%) TEWE [ (%)
(a) FEBHAEER 3 x 10°~6 x 104 Ik (b) FEAEIR 7 x 10%~1 x 10* ¥K (c) FEMIEER 1.1 x 10°~1.3 x 10° ¥%
2500 2500 2500
—— 4W - 24W 40W
- 6W - 26W —v-42W
2000 2000 | 2000 |
g ~ 16w g 28w | Z 000 o 44W
. ——30W - 4TW
-yé 1500 20w E 1500 | W ; 1500 | o 48W
—- 22W . 49W
#1000 1000 | BWI 2000} -
& 500 & 500} 500}
0L~ S 0L~ S 0L~ e T —
-0.1 0 01 02 03 04 -0.1 0 01 02 03 04 -01 0 01 02 03 04
TS 1(%) FEEmFS [ (%) FEM 1 (%)
(d) PEEIRIXAERR 4 x 10*~2.2 x 105 IK () PG XAHER 2.4 x 105~3.8 x 10° I (f) FFZI XIEFR 4 x 10~4.9 x 10° 1%
2500 2500 2500
- 2W
- 4W I I
z 2000 Taw |z 2000 z 2000
= ~DwW| = =
= 1500 Bw| R 1500} R 1500}
5 = N
£ 1000 £ 1000 2 1000}
500 500 | & 500
0L~ L L 0L~ " 0L~ e TR
-0.05 0 0.05 0.10 0.15 0.20 -0.05 0 0.05 0.10 0.15 0.20 -0.05 0 0.05 0.10 0.15 0.20
FREARH 1 (%) FHEMF 1 (%) ZREmFS 1 (%)
(@) FRAEFHR 2 x 10°~1.3 x 10° I (h) BHAEFEFR 1.4 x 105~1.8 x 105 ¥k (i) FRAEFEFR 1.9 x 105~2.3 x 105 ¥k
B8 ZERBHL
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cycles of weld; (h) 1.4 x 10° ~ 1.8 x 10° cycles of weld; (i) 1.9 x 10° ~ 2.3 x 10° cycles of weld
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stable extension region; (d) instantaneous break
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