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Abstract The laser welding test with Sn—5%Zr (mass fraction) powder addition is carried out on the DP590 dual
phase steel with thickness of 1.4 mm and the 6016 aluminum alloy with thickness of 1.2 mm. By using optical
microscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), electron backscatter diffraction (EBCD)
and tensile test, the effect of Sn—5%Zr powder addition on the microstructure, fracture morphology, main phase,
content and distribution of phase, grain size and mechanical properties of joints are studied. Elastic moduli are
calculated by using first—principle method based on density functional theory for FeSn, Fe;Sn, Fe;Al, FeAl and Fe,Al;
compounds. The results indicate that the average shear strength of the welding sample with Sn—5%Zr powder
reaches 37.90 MPa. Compared with that without Sn—5%Zr powder addition,the average shear strength of welded
joint increases. Because of the formation of ZrAl; compounds, it promotes the refined grain size of Fe— Al
intermetallic compound in aluminum/steel interface, Al spreads to the molten pool is inhibited by Sn, the thickness
of Fe—Al intermetallic compound layer is reduced, FeSn and Fe;Sn intermetallic compounds have better ductility,
the proportion to brittleness and ductility phases of the interface layer Fe—Al intermetallic compounds are changed,
the weld width and bonding rate effectively increased, which can improve the mechanical properties of weld joint

with Sn—-5%Zr powder addition.
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LB R &R B R it IS 2 5.0%107° eV/atom , BN F B 1Y ST 0.1 eVinm, 22 2Z i # /N T 5.0x107° nm , i
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A, 38 3 S 6 R BCR FH GG A U PWOLJE 20, R ] Smearing energy #E 17 8 1 PRl I 84 .
F 1 FesAl,FeAl,Fe,Als, FeSn il Fe;Sn 145 14 2 %
Table 1 Structure parameters of Fe;Al, FeAl, Fe,Als, FeSn and Fe;Sn

Structure ~ Atom number

Phase Group (No.) Lattice constant Atom site
type in cell
a=b=¢=5.791 +4A1(1):(0,0,0)+4Fe(1):(0.5,0.5,0.5)+
Fe;Al DO, 16 Fm-3m(225)
a=B=y=90° 8Fe(11):(0.25,0.25,0.25)
a=b=c=2.908
FeAl B2 2 Pm-3m(221) +1A1(1):(0,0,0)+1Fe(1):(0.5,0.5,0.5)
a:ﬁ:'y:900
a=7.675, b=6.403, c=4.203 +4A1(1):(0,0,0), oce.=0.7+8Al(11):(0.18,
Fe Als C 14.8 Cmem(63)
a=B=y=90° 0.65,0.25)+4Fe(1):(0,0.332,0.25)
a=bh=5.307, c=4.445 +3Fe(1):(0.5,0,0)+1Sn(1):(0,0,0)
FeSn B35 6 P6/mmm(191)
a=B=90°, y=120° +2Sn(11):(0.333,0.667,0.5)
a=b=¢=3.873
FesSn L1, 4 Pm-3m(221) +3Fe(1):(0,0.5,0.5)+1Sn(I):(0,0,0)
a=B=y=90°
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Fig.1 Distribution of steel/Al joints in welding puddle. (a) Without powder addition; (b) with Sn—5%Zr powder addition
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Fig.2 EBSD image quality map of weld to steel base metal. (a) Without powder addition; (b) with Sn=5%Zr powder addition
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Fig.3 Microstructure of steel/Al interfacial region in the welds. (a) Without powder addition; (b) with Sn=5%Zr powder addition
3.2 hEMERSHOMIR
P 4 0 U TIN Sn=5% Zx o3 A IS I 89 /0 85 U1 CRE (4 W 207 8, m AR 21, R US IAs oK, 1aRE DB /85 St 1 Ak o)
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L, B U5 4R o
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Fig.4 Fracture positions of steel/Al after tensile test. (a) Without powder addition; (b) with Sn—5%Zr powder addition
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Fe AlJCE MR F L2 122, 4 AR A0k R BURE T 25 BT FeAL I FeAL 4 J& M4 &4, L AR URE SO IE
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Fig.5 SEM fractographies of steel/Al after tensile test. (a) Without powder addition; (b) with Sn=5%Zr powder addition
F22 /AR SO EURE BT 1T EDS 43 B
Table 2 Chemical compositions of steel/Al alloy joint by EDS analysis

Element 1 11 111
Fe 25.6 34.9 22.4
Al 72.8 63.3 76.4
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Fig.6 Backscattered electron images and distribution of Al element for steel/Al interface. (a) Backscattered electron images for steel/Al
interface without powder addition; (b) distribution of Al element without powder addition; (c) backscattered electron images for steel/Al
interface with Sn—5%Zr powder addition; (d) distribution of Al element with Sn—5%Zr powder addition
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5D .EFXBA, AR KA 7(d)]6,H T Sn iS5 U B Z  Fe M Sn S HZ MG AIEHZ LKA 11,
D Sn 7 3 Fe—AL 42 @ [RI4L G 0 h 3800 Fe (7 &, 505 Fe ZE 8 T Fe-Sn 4l .
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Fig.7 SEM images of steel/Al interface layer. (a) Steel/Al alloy interface without powder addition; (b) steel/Al alloy interface with Sn—
5%Zr powder addition; (c) enlarged view of Fig.7(b); (d) bright spots of steel/Al alloy interface with Sn=5%Zr powder addition
A3 W/ B RSk B EDS S0 AT (7 UM %)

Table 3 Chemical compositions of steel/Al alloy weld joint by EDS analysis (atomic fraction, %)

Element A B C D E F G H
Fe 36.8 28.0 19.9 89.7 41.1 9.9 44.7 46.7
Al 60.5 69.7 78.7 4.9 55.6 87.9 47.2 48.7
Sn - - - 0.2 0.6 0.4 4.3 1.4
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FeSn . Fe;Sn 5§ Fe-Sn b G913 94/58 B 2 GBI 3 T 45 2R WoR RS I Sn—5%Ze By A, B /80 5L 10 )2 A= 1
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Fig.8 XRD spectrum of steel/Al weld joint with Sn—5%Zr powder addition
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XRD 55 BE 1% 43 M 45 S & 3, S I Sn—5% Z By AR O KR B /5R JE 422 10FE 2R U T Fes Al FeAl FeAl, \Fe)Als
FeAl, %5 Fe-Al 42 )& 81 1L & ¥ LA )2 FeSn FesSn % Fe—Sn Ak & 4, S #4350 08 A A7 T B 400 R 2 5% i) 6 92 42 3k
Fi2EERE M E R A M Fe—Al 4 J@ A1 4L & ) P £ B FeAl, & Fe i FesAl L& & ALY Fe,Als \FeSn  FesSn %51k
B LA X A A R L EE FeAl \FesAl Fe,Als \FeSn DL & Fe,Sn B IE | Jif Pk

4 NN FeAl \FesAl Fe;Als . FeSn Fl FesSn (4 550 4 %50, & B Fe Al 30 5 B0 115306 5 Simmons 48"
P 52 B0 {H DA S SCHR (19100 B3 o F 3 245 SR b s e 3l , R W O RO H BB 78 5 1050 & B8, A e ik b, R FH A
ANt

C,+2C
B= ||+3 22 , (1)

G:—CII_C§+3C“, (2)

15 T FeAl . Fe;Al .Fe,Als FeSn il Fe;Sn 55 (b &5 W) IR B &t B, BT U & 6 DL X B IR & 5 R B 5 19 LU 6/B
i, 85 B2 5 0rn . E G/B R B A R e 5 ZE PR SEAAE Ty 25 B B2 G/B<0.5 B, B R I
FEVE, TR REE . N FE SRS B F , FeAls . FeAl 1 G/BE 43 5 7 0.798 .0.681, K T 0.5, 7 B Fe,Al; .
FeAl 4 J& 18] 1k & ¥ 4 i 14 A ; FesAl. FeSn . FesSn 1) G/B {H 43 51 & 0.494 .0.361.0.364, /N F 0.5, & W FesAl,
FeSn Fe:Sn 4 J& Bl 4L W) A 4L PEAH .
F 4 FeAl,Fe,Al, Fe,Als, FeSn Fll FesSn B 4 5 60 3155 7 0 52 56 45
Table 4 Calculated and experimental elastic constants (Ci1,C12,C13,C53,C4,Co6) of FeAl, Fe;Al, Fe,Als,
FeSn and Fe;Sn

Phase Cu CIZ C|3 C33 C44 Cﬁé
218.374 104.367 123.666

FeAl 208.260"" 121.752" - - 126.558"" -
178.783" 131.845" 106.213"

FesAl 165.561 119.425 - - 95.566 -

Fe,Als 233.206 46.922 93.879 529.448 82.883 79.629

FeSn 187.823 114.608 56.601 185.272 59.129 -

FesSn 151.521 88.342 - - 45.369 -
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Table 5 Moduli of FeAl, Fe;Al, Fe,Als, FeSn and Fe;Sn (B=bulk modules; G—shear modulus)

Phase B /GPa G /GPa G/B

FeAl 142.369 97.001 0.681
FesAl 134.804 66.567 0.494
Fe,Als 109.017 86.987 0.798
FeSn 139.013 50.121 0.361
FesSn 109.402 39.857 0.364

3.5 HEMMERIBEFHSERT

SRRV IR N Sn—5% Zr ¥ A5 Wi A4 42 3k g 2 Pk R 0 VR FH AL, X809 /%80 LTI B IX. Fe— AL &2 J& IR LA P 1Y
PR3 80 B L 29 ok ROSF #EAT T EBSD 43 M7 o i 5 EBSD 2 1t 777 5 46 % 1T HEAT T X S A2 0 A, o ok R
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0.005 wm, &1 9 AU IN Sn—5% Zr #3 A i 89 /45 F 0 35 X ) EBSD 440l o o] LLE L, R I Sn—-5%7Zr 7 K,
BAR S Fe- AL 4 B AL G ) & e 2 10 0 FeAL, iR h Fes Al FeAl FeAls, 7 f 5 0 B N Fe,Als; ¥ il Sn—
5%Ze Wy A5 N BT Fe— ALLL & W0 AR TR0 506 284k, & S i 2 (18 FesAl, LR W FeAl FeAl, \FeAls,
RPN FeAl,, BRI Sn—5%Zr By K 1 J5 FesAl . FeAl \FeAl, . Fe,Als FeAL %5 Fe—Al 43 J& ] 1k & ) i 1
U BGHAT I8, I 10 TR o K BLES I Sn=5%Zr ¥y K J5 . & Fe B IE PEAH Fes AL AR 23 5038 i, i & ALY
Jifi M AH FeAl, . Fe,Als \Fe Al (4B 43 BOm 20
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total  partition

phase fraction fraction
(] martensite 0.198 0.198
[ ferrite 0.076 0.076
[ iron aluminide 0.076 0.076

Bl aluminum iron (1/3)  0.086 0.086
I aluminum iron (2/1) 0520 0.520
aluminum iron (3.2/1) 0.007 0.007
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color coded map type:phase

total  partition

phase fraction fraction
I martensite 0.315 0.315
[ ferrite 0.198 0.198
[ iron aluminide 0203 0.203

Il aluminum iron (1/3) (0211 0.211
I aluminum iron (2/1) 0.071 0.071
[ aluminum iron (3.2/1) (0.000 0.000
I aluminum iron (5.4/2) 0.002 0.002

9 50 /48 FL T X EBSD A BG4 B o (a) TR A VRN (b) I Sn—5%7Zr 3 K
Fig.9 EBSD maps of phase in steel/Al interface. (a) Without powder addition; (b) with Sn=5%Zr powder addition
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Fig.10 Total fraction of phases in steel/Al interface
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Fig.11 Grain sizes of Fe—Al compounds in steel/Al interfacial layer
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