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Fig.1 Principle map of aluminum /steel laser lap welding
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Fig. 2 Weld surface morphologies of aluminum /steel: (a)
Without powder; (b) Adding AlSi;;Mg; s powder; (c) Adding
AlSi;;Mg, s and Sn powders
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Fig. 3 Element feature line of aluminium/steel laser welding:
(a) Without powder; (b) Adding AIlSi;;Mg;s powder; (c)
Adding AlSi;;Mg; s powder and Sn powders
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K 4(d)).
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Table 1 Electron density of plasma for aluminium/steel laser welding

Electron density/cm °

Flement Without powder Adding AlSi;;Mg; s powder Adding AlSi;;Mg; s and Sn powders
Fe 0.87 0.90 0.88
Al 0.88 1.07 1.16
Si 0.63 0.76 0.80
Mg 0.54 0.60 0.61

4 AFERIETZAE T HANEO Rk e AR

0.5 mm

Fig. 4 Microstructures of aluminium/steel laser welding joints: (a) Adding AlSi;;Mg, 5 powder; (b) Zone P, in Fig. 4(a); (c) Adding

AlSi;Mg; s and Sn powders; (d) Zone P, in Fig. 4(c)
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KINE Sn #rf4L FLTH Y SEM 1% . RIS JZ &R
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2 0\ X¥9 N A« Bi. Cv Dis Ep 5 DX, 05X
RN G Hy 2 X3, ALK F X3, FEE T RELS
T, HEERE 2 Fral. L A4, X3kFEAN Fe,
E\FH, XIEZN Al R BRI Fy X301 Fe £ Al
I BE IR B850 2:5, M Fe-Al AHEHENISKE, B, F1 F,
XN FeAls (6EY); 1 Civ Dy A Gy X3 Fe A
Al FEEREHEIR 1:3, RIER FeAL LG 56
AATE, HEARZEATUE Sn K, BAME/AN I E

BN Fe-Al &), HJEEERZ) 50~100 pm.

6 Fin NARR T T E AlSi; Mg, s ¥ 45/44 2 8]
THE Sn ¥y 9425 AL 0 SEM 1. & P 2 4 Jes i
HARIF. EE5E%. SE 6@FTIRAHEZE 04 X\ Os
X1 Qg XHEATHUKN, WMEEL R K 6(b)~«(d)FTR. 5
RIE Sn ¥pAHLL, F0)Z SR BN, 29 10~20
pm, JEE N R B A 2 L EUBTRLAL 23 6(D)).
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HHATRERE M, G5 WK 3. 4, XIKFEE N Fe, G, X
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AL R R B 1:3, HEMARL FeAls (&5 G,
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Fig. 5 SEM images of laser welding joint adding AlSi;;Mg; s powder: (a) Local view; (b) Zone Qy; (d) Zone O»; (c) Zone Qs

F2 TE AlSij Mg, s BOGEELM S EDS 24

Table 2 EDS analysis of laser welding joint adding AlSi;;Mg, s powder

Region Mole fraction/%

Phase
No. Fe Al Sn
A, 98.72 1.14 0.14 DP590
B 35.84 63.92 0.24 Fe2Al5
C 26.45 73.40 0.14 FeAl3
D, 21.83 78.07 0.10 FeAl3
E 8.75 91.16 0.09 6016
F 28.19 71.75 0.06 Fe2AlS
Gy 25.21 74.70 0.09 FeAl3
H, 2.02 97.86 0.12 6016

X3 i) Fe £ AL BE /R EE230E 301, HEDZE Y FesAl
EY.

ik B e A A AR, X SRR
BT XRD 43471, SR 7 Fon. RIVERR T TE
AlSipMg s K3 FE/ANJZ AR TUE Sn My, JREET T
R FeAly fl Fe,Als A YIILE 7(a)), TE/ANE
(M FUE Sn Ky, kGt ZE MK FesAl. FeAlsw Fe,Als.

FeSn 1 Fe;Sn(JLE 7(b)), 5 LiRER/ANEOGIEEL A
T2 [P BT 23 A 45 R A — 3

Kl 8 s AARRIE T E AlSi Mg, s ¥ /402 7]
HILTE Sn M 215 N a8 AN [R] X $80kH K 43 A B
AW e RIEELAN R ER M) 5 KAE
(MR B BRI (A). FHEE 8(a) Pl i, XURHARBEA HH
72 2%(HAR BB AR . 27.4% 5 [RAK K 0.4% 5 KAk
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Bl 6 TiE AlSi,Mg, s ¥ F1 Sn ¥ e L A M SEM 14
Fig. 6 SEM images of laser welding joint adding AlSi;;Mg, 5 and Sn powders: (a) Local view; (b) Zone Qy; (d) Zone Qs; (c) Zone

Qs

FR3 THE AISi; Mg s HH Sn BOGIE Bk S EDS 43
Table 3 EDS analysis of laser welding joint adding AlISi12Mgl.5 and Sn powders

Region Mole fraction/% Phase
No. Fe Al Sn
A, 98.54 1.30 0.16 DP590
B, 35.28 64.30 0.42 Fe2Al5
G 2.05 97.48 0.47 6016
D, 23.93 74.94 1.13 FeAl3
E, 28.74 70.85 0.41 Fe2AlS
F, 22.05 77.12 0.42 FeAl3
G, 76.21 22.86 0.58 Fe3Al

. ME 8(b)ATHT, KTNE Sn B, SHHPIRGEN  AKFGEm DA A SR &, BRRiR Y 75.5%,
X ) IR & 5(17.6%, BEIR 73 B0 LU REM ZH 231 5 IR O IRAR & 7 23.2%, BIRIR AT 1.3%, 5B S AERT
E R 9.8%, (HERZ A (81.8%) S B L 44(0.5%) N A ZEA K

SEBA ET. WK 8(c)r %, FIE Sn ¥k, XUH W FCAR/AWE TR TR Sn M o 4% ks RS
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Fig. 7 XRD patterns of aluminum/steel laser welding joints: (a) Adding AlSi;;Mg; s powder; (b) Adding AlSi;;Mg;s and Sn

powders
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Fig. 8 Distribution and relative content of aluminum/steel laser welding joints: (a) Dual phase steel; (b) Its thermal influence zone

Adding AlSi;;Mg; s powder; (c) Adding AlSi;;Mg, 5 and Sn powders
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ﬁfl 15 um JEFEIN, SR SRR EE 21 pm. Tl
B Sn My, RIS FAGE I X0~ 25 doR RS/
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B 10 SUHAR P X e ks 3 A7
Fig. 10 Grain distribution of dual phase steel thermal influence zone adding AlSi;;Mg; s powder: (a) Orientation; (b) Size, adding
AlSi;;Mg, s and Sn powders; (c) Orientation; (d) Size
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B 14 PR AR L2504 M RARBOCRECSI R, SANEIE RS MOIRES, J w6 FE R B 2 489
BRI A . W 14@ T BUEBL, fANRE A R KR BERS . AT L, R
RITE R AR, EANT RN, EREEEHEL, AlSi;p Mg, s B 0 AN AR, R EOE IR
HTRRMBRIE, fEih ERERS TR s WM, 5 2.1 5 PSR AR SO RN TR L
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0.40 Table 4 Comparison of size of real weld pool and simulated
0357y results
0.30¢ Weld width/mm Weld penetration/mm
Z 025 Material ~ Experiment Simulated Experiment Simulated
3 .
8 020 result result result result
= 0157
' 6016/DP590 0.76 0.74 2.08 2.11
o10r f N ; i
Adding ISt Meys 6016/S/DP590  0.85 0.8 203 201
0.05} powder
— Adding AlSi;,Mg, 5
07 and Sn powder
_005 L L 1 L L
0 005 0.10 015 020 025
Displacement/mm

B REESKI R T—ALR 2k

Fig. 11 Load—displacement curves of welded joint

B 12 /RO Rk B R R A B

Fig. 12 Shearing specimen fracture position of aluminium/
steel laser welding joints: (a) Adding AlSi;;Mg; s powder; (b)

Adding AlSi;;Mg; 5 and Sn powders

(2)

13 FR/ARIOL T4 Sk BT DR O T 1 30
Fig. 13

aluminium/steel laser welding joints: (a) Adding AlSi;,Mg; s

powder; (b) Adding AlSi;;Mg; s and Sn powders

Shear specimen microfracture morphologies of
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232 1500

66
232 1500

1C

L[ I — |
27.3079 150 660 2500 4200
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B 14 AFE L2564 FRARNBOL R LB iR 5 7 7 A
Fig. 14 Cross section temperature field distribution of
aluminium/steel laser welding joints: (a) Without powder;
(b) Adding AlSij;Mg;s powder; (c) Adding AlSi;;Mg; ;s

powder and Sn powders
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B E3EIn. PTULTRE Sn by, oS08 T EBek)i it i B
Gy, I EERR R RN A A, AR
BOBIRHCL IR & R SANE A FI A&

25 HNEFEMRSHESHNBRENE
WA XRD i 5H6E 00 s BRI, 7F
AR TE AlSi Mg, s ¥« £5/4N 2 (8] T E Sn #2614
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T, £2/ARSOEERRE A B FeAlss Fe,Als 25 Fe-Al & Fe;Sn [ G/B AE4> 54 0.437 1 0.329, /NT- 0.5, FH

YILA K FeSn. Fe;Sn Z5¥iH. #IRMTHE AlSi Mg, s
K ERANE I TIUE Sn 35 T SR AT I ER /AN Sk
e, AMIBESF A IR, A5 1H5E T Fe-Al
& PILL S FeSn. FesSn 537 AH (15 5 AL 1 24 R BE,
EL#: T FeAls. Fe,Als. FeSn UL A% FesSn fIE. Jith 5
EHR N IAZE M RE 5E M. FeAlss Fe,Alsw FeSn LUK
FesSn 3 H HUN oH 845 AN 3R 5 il FEICEERN b,
KR A 24T TR

2
B:C“+ Cy (1)
3
¢, -C,+3C
G=tu 152+ 44 )

15 FeAl;. Fe,Als. FeSn DA Fe;Sn Z4L &)
Wi B, BIYIRE G DA B D) Ao o
G/B 18, ZRMHINFE 5. @% G/B Al FH R
P 5 SiE M S AAE 2 R, B2 G/B<<0.5 B, #
BERDUNIEME, B RN, WER S FRg R ks,
FeAl; 1 Fe,Als ] G/B {64354 0.627 1 0.656, KT
0.5, FW] FeAl; fll Fe,Als tbk &4 NIfEtE4H; FeSn Al

% 5 TFeAl;. Fe,Als. FeSn Al FesSn f3iE S 4]
Table 5 Elastic parameter of FeAls, Fe,Als, FeSn and Fe;Sn

FeSn 1 Fe;Sn NIEMEAH

FeAl;. Fe,Als. FeSn DL FeiSn ZEb & YI1EA[H
IR Tk (H) S Gibbs H HHAE(G)), AT RAWT A
AT

H:U+jcpdT 3)

G =H-TS 4)

K TRIREE: c, 2 ZIRE TRERILAE: URNO
K. 1.01X10° Pa I T Sfl: S At R0 BE T IR o

15 fli%°~ FeAlss Fe,Als. FeSn L% Fe;Sn %%
WAV #5 Gibbs H HEES ISR
S0, RIMBEERER T E, BREr R E
YR P ETHEas, T Gibbs H HIRE R %, FHI Lkl
G AR E VR T =i R . #E— Bk
L, fE 298~875K I EIEE A, FeSn 1) Gibbs H Hifit
/T Fe,Als I, Fe;Sn [ Gibbs H H1fit/NT FeAl; /1,
I Gibbs H HIRERRAIC, Wk R AH S5 1482 8 R AT,
FTLLiZ IR FEVE N FeSn #efasE, HKZ Fe,Als.
Fe;Sn F11 FeAls.

Elastic constant/GPa

Elasticity modulus/GPa

Phase C12_C44 G/B v
Cu Cn Cuy B G E
FeAls 255.28 122.82 142.45 —19.62 166.98 104.75 259.91 0.627 0.231
Fe,Als 22291 63.21 70.15 —6.94 116.21 76.23 187.66 0.656 0.241
FeSn 209.76 130.05 82.77 47.28 142.82 62.49 163.61 0.437 0.309
Fe;Sn 256.78 173.75 91.07 82.67 201.43 66.44 179.59 0.329 0.351
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Fig. 15 Entropy S (a), enthalpy H (b) and Gibbs free energy G, (c) of FeAl;, Fe,Als, FeSn and Fe;Sn phases at different

temperatures
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Microstructure and mechanical properties of laser welding joint
with aluminum/steel surface preset filler powder addition

ZHOU Dian-wu, JIANG De-fu, LIU Jin-shui, ZHOU Lai-qin, PAN Jing-chun

(State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body,
Hunan University, Changsha 410082, China)

Abstract: In view of the technical difficulties of aluminum/steel welding, the 1.2 mm-thick 6016 aluminum alloy and 1.4
mm-thick DP590 dual phase steel was laser welded by adding AISi12Mgl.5 powder to aluminum surface and Sn powder
to aluminum/steel interlayer layer with lap joint applied with aluminum sheet on the top and steel sheet at the bottom. The
weld appearance, microstructure and mechanical properties of welding joint were studied. The temperature field
distribution of aluminum/steel joints was calculated by establishing the transient finite element model of aluminum/steel
laser welding based on ANSY'S finite element software. The modulus and thermodynamic properties of compounds such
as FeSn, Fe;Sn, FeAl; and Fe,Als, were calculated by using first—principles method based on density functional theory.
The results indicate that 6016 aluminum alloy and DP590 double phase steel can be effectively connected with preset
filler powder to aluminum/steel surface, no obvious porosity, cracks, and other defects are seen when the welding power
is 2750 W, welding speed is 32 mm/s, the defocus distance is —2.0 mm, Ar gas acts as the protection gas with flow rate 20
L/min, and laser deflection is along welding direction 10°. The average linear load of the welding sample with
aluminum/steel surface preset filler powder reaches 54.16 N/mm. Compared to that without aluminum/steel interlayer
powder addition, the average shear strength of weld joint increases by 1.6 times. The relative intensity of spectra and
electron density of plasma increases, which shows that the laser energy absorption rate increases by adding AlSi12Mgl.5
powder to the aluminum surface. Thus, the surface of the weld is improved. When Sn powder is added to aluminum/steel
interlayer layer, the aluminum and steel are both melted, the fusion width of the upper aluminum and the lower steel
increases, the combined area of aluminum/steel increases, and the welding rate is improved. In addition, grain size of
weld zone is fine, Fe-Al compound layer thickness decreases. FeSn and Fe;Sn compounds has better ductility and is more
stable than that of Fe-Al compounds at high temperature, which can improve the mechanical properties of weld joint.

Key words: laser welding; aluminum/steel; preset filler powder; Fe-Al compounds
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