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Laser lap welding structural properties and first-principle
computation of zinc-coated steel and 6016 aluminum alloy
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(1. State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University,
Changsha 410082, China;
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Abstract: The elastic moduli and electronic structure were calculated by the first-principle method based on the density
functional theory for FegAlg and (Fe;X)Alg (X=Pb, Sn, Ti, Cu, Mn, Si, Zn) supercell model. Analysis on improving the
mechanical properties of FeAl intermetallic compounds was done, Cu and Pb were considered as better elements to
reduce the brittleness of FeAl intermetallic compound. The laser lap welding experiments with the Cu or Pb metal
sandwich addition were carried out with the DC56D+ZF galvanized steel of 1.2 mm-thick and the 6016 aluminum alloy
of 1.15 mm-thick. The results show that the FeAl compound is the brittle phase which attributes to the electron orbit
hybridization between the states of Fe-sd and Al-sp with obvious covalent bond characteristics. The brittleness of FeAl
compound is reduced with the addition of alloying elements, and the brittleness order from low to high is as follows:
(Fe;Pb)Alg, (Fe;Sn)Alg, (Fe,Ti)Alg, (Fe,Cu)Alg, (Fe;Mn)Alg, (Fe;Si)Alg, (Fe,Zn)Alg and FegAlg. The laser lap welding
experiment with the Pb metal sandwich addition shows the weld joint contact surface with better fusion based on the fact
that the metal of steel side and welded joint frontal zone is made of big crystal grain of metal and tiny crystal grain of
welded joint, and the boundary between the pool and metal of aluminum is not obvious. The mechanical properties of the
welded joints are improved with the Cu or Pb metal sandwich addition, and the specimen fracture characteristic is ductile.
Key words: zinc-coated steel; aluminium alloy; first-principle computation; laser lap welding; FeAl brittle intermetallic
compound; mechanical properties
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Fig. 1 Crystal structure models of B2-FeAl (a), FegAlg (b)
and (Fe;X) Alg (X=Pb, Sn, Ti, Cu, Mn, Si, Zn) (c)
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Castep F/7 M, LB RIS TTAH EAE N
PR — MG BE RN 2 AR08 (1) A2 4 — K Bk g
3 gy . ATHRKRHLBER T B B I AL (GGA) T 11
Perdew-Burke-Ernzerhof /&2, V1575 fe/Mb F PRuis
37 AR (FFT, Fast-tourier-transform) % 4% it 17,
SR FH %o 1 D45 P 230 A7 Bt 752 1 0 2 R A U0 D 51 1T 9
AR, R AW IEAR(SCR) i3T5, SCF M5
i, K H 454 Broyden-Flecher-Goldfarb-Shanno(BFGS)
SCHORGFE 7150 Pulay 25 B2 £ 7 2 Ak v o
B o ASCAEF R FeAl MR RLBEAT JLATLAGIS , BeAT
SRR d ks A AR T R SR RO, T
KHG S EREN LR Fe JRI, BERHCR A
REREAT ST, LTSI, AR R R & IR WS E
42.0X107° eV/nm, FAE T LT 0.5 eV/nm,
AZMmB/ N 2.0X10 " nm, N HfwZ/NT 0.1 GPa.
HEAT B BBV SN, BhRe TSl 300.0 eV. FFT K4
WA 12X 12X 12, R K 25005 0.04 nm™'; T
A ZR R O, AT R ORI R BUCR A GGA R
PWOIIHE, KA Fine M K& 5 Al smearing energy
HEAT RE B PR S

1.2 XBREHS5HE

SRR DC025 Al CO, WOt A hAhik
FWOLIN Lvess, Botdsm Rk 2 500 W,
TS ROl TEMg, i HD A A0 52 v iy
I3 A FeRKRECEA a<0.15X 107 rad, i [ 55t
REEBENCN 200 mm, MEFEEHAAN 0.4 mm. SEKHS
4 100 mm X 30 mm X 1.2 mm (] DC56D+ZF P4 474
A1 100 mmX30 mmX1.15 mm f 6016 Fi&4HIH
o KBERHANAR . J2)J2(Cu 5 Pb) 5 6016 #5441 o
JE R ESRE, ST, HOtHE R E
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Fig. 2 Schematic diagram of principle of steel-aluminum
laser lap welding
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Table 1 Calculated and experimental elastic constants of

(F€7X)Alg
Elastic constant/GPa
Phase Source
Ci Ci Cus
Present 218311 112,943  137.608
Exp!' 208260 121752  126.558
Call'® 288360 128.160  164.846
FegAlg Cal” 192240  120.150  116.946
Cal®™  203.182 124716  104.707
Cal®" 178.783  131.845 106.213
Cal® 178.623  131.204  101.727
(Fe;Pb)Aly  Present 242743  139.464  133.522
(Fe;Sn)Alg  Present  248.620  137.584  145.010
(Fe;Ti)Aly  Present 236267  130.905  140.073
(Fe;Cu)Alg  Present  214.721  117.286  136.314
(Fe;Mn)Al;  Present  217.835  118.030  136.699
(Fe;Si)Als  Present  222.012  118.236  138.793
(Fe;Zm)Alg  Present 244728  115.199  140.373
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4 FegAlg M (Fe;X)Alg (X=Pb, Sn, Ti, Cu, Mn,
Si, Zn)H IR AR B). TTVIRCE(G). FRTER
B(E)s Cy—Cio B YIRS 5 AR 5 (1 LA (G/B) NI
Itb(v)EESHE, 4Rk 2 .

TR LG (v ) 2 R DA A Rk i A 25 A6 470 81 11
FsetE SR, v O, XF RS R S PR Y,
MWE 2 WHEH, (Fe,Pb)Aly MMV, H ki
(Fe;Sn)Alg . (Fe;Ti)Alg« (FesMn)Alg +  (Fe;Cu)Alg -
(FesSi)Alg, T (Fe;Zn)Alg I 75 o B T HFALG(V )
Ab, Cii—Cip Ml E W VEAS PR RL ) 22 P B T 2 2
o, B C\—C f1E HBR/N, MRS, A
2 C—Cp KT, (Fe,Cu)Alg IR YER LT,
& (Fe;Mn)Alg. (Fe,Pb)Alg. (Fe;Si)Algs (Fe Ti)Algs
(Fe;Sn)Alg, 1 (FesZn)Alg HIBPEfR 72 TN E {EK
E, (Fe,Cu)Alg [P VEf4F, H XA (Fe;Mn)Alg
(Fe;Pb)Alg. (Fe;Si)Alg. (Fe;Ti)Alg F1(Fe,Zn)Alg, i
(Fe;Sn)Alg PR M5 22 o X TAN-40 R 4 JE i RO G
FEEz, TS K FeAl itk 4@ Mtk &4, J T4
RS YERE, R G ST BIFIK FeAl <) IR
APt S R G, Ak, AR T AT
FegAlg M (Fe;X)Alg (X=Pb, Sn, Ti, Cu, Mn, Si, Zn)
PIEHEAT 1 o

WH, G/B A TR AR ) I R R 25 ) A
RECO?T, M G/B<<0.5, MPRFRIEYE, AWM. A
F 20l EH, FeA ) G/B {50 0.703, KT 0.5, F*
B FeAl &R AL P A MEPEAH, T4 X(X=Pb, Sn,
Ti, Cu, Mn, Si, Zn)&&fb )G, FeAl @MY G/B
B394 0.579. 0.626. 0.633. 0.674. 0.676. 0.681
A1 0.695, EARIKT 0.5, {HY FesAlg L, G/B
AR, RUEEMIE FeAl &@HALS YNNG

2 FegAly Fl(Fe;X)Alg &
Table 2 Moduli of FegAlg and (Fe;X)Alg phases

PEGPTRAR, FOMarE BB S Y R . (Fe,Pb)Alg.
(Fe;Sn)Alg . (Fe;Ti)Alg«  (Fe;Cu)Als +  (Fe;Mn)Alg -
(Fe;Si)Als. (Fe,Zn)Alg Fil FesAlg. Horb, 28 Pb &54x1k
J& T 4531 (Fe,Pb)Alg ] G/B {E15%/MN0.579), W] Pb £
3% FeAl bk iR R e

2.2 BFEMSTR

3 iz X(X=Pb, Sn, Ti, Cu, Mn, Si, Zn)
BTG FeAl BB PSR K. RILA
Gy, KT FeAl(WLKE 3(a)), AHsedd A oimk i+
(KRB FEAE R AE-10~0 eV BN, SRIET Als).
Al(p). Fe(s)H! Fe(d)pi tiroamk, Hr, —10~-4 eV
JEFIH Al(s)s Al(p)5 Fe(s)FIM HL 77228 T HuE 444k,
IMAE—4~0 eV JEH K Al(p). Fe(s)HFl Fe(d)HIHr H 17~
AT HEIAL . Fe [ sd &5 AL sp &AF{EHLTHL
Tk, R FeAl 4@ A& P00 B IE A B 2
RFEAN B, X R BIA MaVEAH R v 1~ 2 R AR . 3k
— ORI, G648 FeAl @A T2
BRERAET — S X T Zn Hatb(LE 3(b)), £
FRAE-10~—4 eV EHNER T Al(s). Al(p)5 Fe(s)Ith
HL 7 AR 24, Zn(s)FT Zn(d)y 2 T BUE 244k,
X Si Gafb (LK 3(c), HRAE-10~—4eV 54~
0 eVIBHIN, BT Felfsd &5 Al sp SAFEAEH T
MIEAALAL, Sip)Z 5 THIE AL X T Mn S48k
(WLFE 3(d)), ARE-10~—4 eV JuFNHIE LS
FeAl ff1—Ff, MfE—4~0eV LN, £ 7 Mn(d)Z 4
At X T Cu (LKl 3(e)), AFRA—4~0eV T
[l N R IUE 224k 55 FeAl IR—FF, fE-4~—10 eV JulH
W, Cu(dtBZ 5240 XT Ti 8L 3(D), &
RAE—4~-10 eV JulH N MFIEZAE FeAl —FF,

Modulus/GPa

Phase G/B v Ci—Cp
B G

FegAlg 148.066 103.638 252.096 0.703 0.216 105.368
(Fe;Pb)Alg 173.890 100.769 253.096 0.579 0.257 103.279
(Fe;Sn)Alg 174.596 109.213 271.111 0.626 0.240 111.036
(Fe;Ti)Alg 166.026 105.116 260.394 0.633 0.239 105.362
(Fe;Cu)Alg 149.764 101.275 247.937 0.674 0.224 97.435
(Fe;Mn)Alg 151.298 101.980 249.813 0.676 0.225 99.805
(Fe;Si)Alg 152.828 104.031 254.375 0.681 0.223 103.776
(Fe;Zn)Alg 158.375 110.129 268.217 0.695 0.218 129.529
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fE—4~0 eV Ul N, Tid)EZS5Zk; X+ Sn Al
Pb & 4423 51 LK 3(2)RI(h)), R R AE—4~0eV 5[
WIREE AL FeAl I—FF, {H{E-4~-10 eV U
W 7390 Sn(d)Fl Pb(p)th 2 54k . XKW, X FeAl
HEAT Zn. Si. Mn. Cu. Ti. Sn. Pb 5 4:1bJA, 5 FeAl
AL, AR EAEHTIW S, S8HTfE FeAl
WA IRINENEAT R, SR T 2.1 ki
BT E . eAh, 2.1 WE RER M, Pb G4k
FEAS FeAl AbG ettt R e, B OO 1
BB L 3(f)~(h)) 5 M WL BEVE FH 5 T P i
K, WA RS W — B4R T4 Zn. Siv Mn. Cu,
Ti. Sn Ml Pb &4 4L HI 5 FeAl tL &0 3 FEERF1E

#* 3 JiAINZ Zn. Si. Mn. Cu. Ti. Sn il Pb
H TR FeAl 4644 Mulliken HL 1 (#5551 157
GERL TR, T FeAl4b &, 1hAZh AL Fe
JR T2 (RN R Ay 50K 1.28(0.16 X 8); T4 Zn.
Si. Mn. Cu. Ti. Sn Fl Pb &5 4b)m, #HER AT RE
4390 1.04(0.13X8). 1.44(0.18X8). 1.12(0.14 X 8).
1.68(0.21 X 8). 0.96(0.12X 8). 1.04(0.13 X 8)H1 0.96
(0.12X8), Hrr, Ti Al Pb &4k HIFER ffar s 5w
/1(0.96), IXEH], XIT FeAl L&), Ti Al Pb 54
A R AFAE I B 7B FH e 59, i B A ke (0L 1A

%3 FegAlg Fll(Fe;X) Alg(X=Pb, Sn, Ti, Cu, Mn, Si, Zn)f]

Mulliken HL7 i 454k
Table 3 Mulliken electronic populations of FegAlg and
(Fe;X)Alg (X=Pb, Sn, Ti, Cu, Mn, Si, Zn)
Phase Species ] P Total Charge (e)
FegAlg Al 089 196 2.84 0.16
(Fe;,Pb)Alg Al 092 195 2.88 0.12
(Fe;Sn)Alg Al 092 196 287 0.13
(Fe,Ti)Alg Al 089 199 2.88 0.12
(Fe;Cu)Alg Al 087 193 279 0.21
(Fe;Mn)Alg Al 089 197 286 0.14
(Fe,Si)Alg Al 089 193 282 0.18
(Fe,Zn)Alg Al 091 196 287 0.13

3(D~(h)), Ti GEMAERE-4~0 eV JEFE PN Fe(d)
I Al(p). Fe(s)HL Ul 2 (B B2/ A, R,
Pb G4 I FeAl A AW 59 1B 1B E & JLR%
ARG P R B B 1) 2 i R
Kl 4 s A X(X=Pb. Sn. Ti. Cu. Mn. Si.

Zn) G4 AT S FeAl i IRARY J5i 1 f5 25 HE(110) I Hy
TR HE 4 TLUEH, AT FesAlg B HI1Y
(110)[fil |- Fe £ AL Ji -1 J il vl HEAT 2 A 52 07 T (L

Bl 4 FegAlg Ml(Fe;X)Alg (X=Pb, Cu, Mn, Si, Sn, Ti, Zn);# ig(110)Hi 1] H7% J& K]
Fig. 4 Contour plots of valence electron densities of (110) plane in FegAlg (a), (Fe;Zn)Alg (b), (Fe;Si)Alg (¢), (Fe;Mn)Alg (d),

(Fe;Cu)Als (e), (FesTi)Alg (1), (Fe;sSn)Als (g) and (Fe;Pb)Als (h)
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Kl 5 s A BEEAN-6016 HR 4 4 I N BRI %L
R Po G HOGHERIRSE S b 45 &
UL AN Z . I S wTgn, ANINRER S aE
DX R RERA A K itk R A b 40 /N S R AT AR TE A,
Kl S()fft7s. Tt 4 8 5 REM R 2 R B S 43
Fek, WK SR, ERBIMA Pb J5, M-EE0E

Bl 5 IREEHEA K

PRSI S A R

Kl 6 B o ml A A NI Z S I Cu FiT Pb &)z
FERIWT D ESE . w140, B 6(a) ik Rk 1 S 0H B G
PERFIE, THOUTES A HEAR BRI SL, I 52 9% 55 4 SURFAE s
TN Cu Ja, RN P ERFEA B2 (LI 6(b))s i
BN P o, AT L T — e I B s (W
K 6(c))o

Kl 7 Pl sk 0y SR Re A SR . TR
FEih: HIN-EmA IR RS JZ N, SRR R 2
39.34 MPa, fHEKZEZH 0.97%; ¥ Cu 5k Pb J& )2
i, PP A AR, Horh, WS Pb
e J2 G THIPTRIRE L) N 68.51 MPa, LA Nk
SRR = T 75%, BEAh, KR
RO, KRB Cu Ik Pb AEH MK FeAl 4
B AP EYE, B nREr:, DA ) 2P Rers 2
FHIV 03 o

Fig. 5 Micrographs of welded seam: (a) Full extent of molten pool; (b) Interfacial layer of zone A4; (c) Microstructure of zone B,

(d) Micro-forming surface of joint
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Bl 6 AlHrfulhe b e
Fig. 6 Fracture morpohologies of tensile samples:
(a) Fracture morpohology of steel-aluminum sample; (b)
Fracture morpohology of steel-copper-aluminum sample; (c)

Fracture morpohology of steel-lead-aluminum sample
3 #hig

1) FeAl <) 1465700 WaEAH (1 L5 S5 A Y

70+ 68.51 [ Average tensile strength
Average elongation 14
60
<
E 501 49.44 13
= S
B 401 2.37 39.34 E
o 079"
o 2.04 =
= 12 e
o 30r 7 g
= =
S 200 097 |,
10+ Z
0 0
With Pb foil With Cu foil Without foil
Phase

B 7 M-H-. NN AR Rk bR S
fip
Fig. 7 Tensile strengths and elongations of steel-lead-

aluminum, steel-copper-aluminum and steel-aluminum joint
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