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Wetting Behavior of Al-Si Melt and Coated Q235 Steel
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ABSTRACT: To explore the effect of Sn-Zn alloy coating on the wetting behavior of Al-Si melt and Q235 steel, in this paper,
an improved sessile drop method was used to study the wetting of Al-Si melt on uncoated Q235 steel substrate and coated Q235
steel substrates with different coating thickness at 700 °C. Various thicknesses (190-5 500 nm) of Sn-Zn alloy coatings were

deposited on the surface of Q235 steel substrate by magnetron sputtering and hot-dip plating. Scanning electron microscope
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(SEM) and energy dispersive X-ray (EDS) were used to characterize and analyze the composition and microstructures at the
cross-section and surface of the solidified wetting sample. Experimental results showed that the Al-Si melt and the uncoated
substrate were partially wetted at 700 °C, and the initial and final contact angles were 88° and 66°, respectively. By applying
190 nm Sn-Zn alloy coating on the steel substrate, the initial spreading rate increased significantly and the final contact angle
was about 13°, and a precursor film was formed at the spreading front of molten Al-Si alloy on the coated Q235 steel substrate.
With the increase of the coating thickness, in the wetting of Al-Si alloy melt on coated Q235 steel substrate, the final contact
angle decreased, the melt spreading rate and the width of the precursor film increased, and it tended to be completely wetted at
1 680 nm coated substrate(the final contact angle was about 2°). The interfacial reaction products between Al-Si melt and
uncoated steel substrate were Fe,Als phase adhering to the substrate side and AlgFe,Si phase close to the melt side. The reactive
layer grew rapidly towards the melt side perpendicular to the interface, which isolated the contact of the melt spreading front
with the substrate and inhibited the melt spreading. The application of the Sn-Zn alloy coating promoted the rapid growth of the
reaction layers (Fe,Als phase and AlgFe,Si phase) along the spreading direction on the coated substrate surface. The surface
layer of the precursor film was mainly composed of AlgFe,Si phase. Some isolated low-melting tin phases exist near the
interface of the solidified Al-Si/coated Q235 wetting specimen with an excessively thick coating (5 500 nm). The effect
mechanism of Sn-Zn alloy coating on the wetting behavior of Al-Si melt and Q235 steel was analyzed based on interfacial
reaction, wetting triple line configuration and wetting driving force. The Sn-Zn coating affects the wetting behavior of Al-Si
melt and Q235 steel mainly by changing the growth of the interface reaction layer and the configuration of the triple wetting
line. The tin-zinc alloy coating can effectively improve the wettability of Al-Si melt and Q235 steel, and contribute to the
formation of the precursor film at the spreading front. As the coating thickness increases, the melt spreading rate increases and
the final contact angle decreases. Continuing to increase the coating thickness after tending to complete wetting (Al-Si/1 680 nm

coated steel substrate) has no significant effect on the wetting behavior, but an excessively thick coating will promote the
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formation of a low melting point tin phase near the solidification interface, which will weaken the interface bonding.

KEY WORDS: Q235 steel; Al-Si melt; tin-zinc alloy coating; wettability; contact angle; spreading
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Fig.1 Variation of macroscopic contact angle with time during the isothermal wetting of aluminum-silicon
melts on different Q235 steel substrates at 700 ‘C:a) 1 h; b) 10's
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Fig.2 Top-view macrographs of aluminum-silicon melts on different Q235 steel substrate after
Wetting: a) Q235 steel; b) tin-zinc alloy coated Q235 steel with film thickness of 190 nm;
¢) tin-zinc alloy coated Q235 steel with film thickness of 1 180 nm; d) tin-zinc alloy
coated Q235 steel with film thickness of 3 320 nm

AlgFCzSi

4

Fe,Al

/ 0235 steel - .
a ML

b HEATTE

K3 $RAE/Q235 FHE W1 e M iU v i N 40 B 1y 4 i) T % T JE 3
Fig.3 Morphologies at the cross-sectional interface of the center and spreading frontier of Q235
steel for the solidified wetting sample: a) the center, b) spreading frontier
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Fig.4 EDS analysis of the spreading frontier of solidified wetting sample, aluminum-silicon melts on tin-zinc alloy coated Q235
steel with a film thickness of 190 nm: a) the cross-sectional interface on spreading frontier; b) EDS analysis of the cross-sectional
interface on spreading frontier; ¢) EDS analysis of the surface on spreading frontier; d) magnified surface image
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Fig.5 EDS analysis of the spreading frontier of solidified wetting sample, aluminum-silicon melts on tin-zinc alloy coated Q235
steel with a film thickness of 1 180 nm: a) the cross-sectional interface on spreading frontier; b) EDS analysis of the
cross-sectional interface on spreading frontier; ¢) EDS analysis of the surface on spreading frontier; d) magnified surface image
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Fig.6 Morphologies at the cross-sectional interface of spreading frontier and the center of
tin-zinc alloy coated Q235 steel with a film thickness of 5 500 nm for the solidified
wetting sample: a) spreading frontier; b) the center

3 HRHM

BRI SRR, BRSSP R W R
REIEIR S Q235 WNAYIHIRAT Jy, (R HF ER Ak Ia IR A PRk
i R RN S b A RIS, LB 5 % )2 JEE B A 15
R AR AR RN, DU A A S
N T AR A L TR AR Bl ) K B Ok b B
B e EX A A S Q235 MIHENRAT Y 1 I

BN MR /) I B EIR AR R, 5 AVFe I
1 700 CHFE R B Fe,Als Al Fey,Alys MBS
JEUOROAL, AR AE/Q235 AN IR A 2R A S B N 2 A
AFEPAHH)Z : SNSRI Fe Als fbA )2 FISE iR
YRR AlgFe,Si (15) (k&2 , %5 Valizadeh %™
& Kucera P HFFT 45 5 —5 . M4E D'Heurle #2111
FI AL A P ARTE BRI, 7EERAE/Q235 A AL THI fL e T
AR S S R E AlsFe,Si k&™), |
Dybkov J Ji {8 5t 1 527 2 5 A K Bl =3t 244
e AlgFe,Si b G W AH)Z IR B — 2 JE BT, 8 i
&Y EY HER A AlgFe,S1/Q235 B4 FLifi i Al JEL %K
AR, BEAREAERE AlgFe,Si (A PgkLiA K, XA
AlsFe,Si fb-& Wit 5 MWK 4T Al Si. Fe J5 511
HY W, ERMEIEN Fe,AL AW, tEHE FeAls
LEWIHHRE B, AlsFe,Si b WA 24 i A8 i .
Fe,Als fb & W12 I 2 B Si R+ 7E AlgFe,Si H iy
B RN, R4 Al-Fe-Si =0 RAA T 10 D=7
&Y, TP R TR R Si S, X =
TCALEYIMELAITE AlgFe,Si/Q235 4N AL L, # Rk
RS R Q235 WL AL B rh, eV BT 1R
I, J R e SIS R T A v, O = AR
HREIE Y Q235 M5 A sk . MRS
Q235 WA -E k2 . RN 5 HLA5 R AL .
RIE Young g IG5 /2 (1) #ES %, Sk
E(Jﬂyf]&akggfﬁjj de‘:’ VFEe(s) — VFe(s)AlSi(l) — VAISi(l) cost, HT
BRRE R AT B K R K TP, B peecomisiay AT
Yarsi B, BB R R IR S ) R FREAAX BN, 1
A I A A e R R0, BREE/Q235 R T S g )2

AR REZ R TR &R &Y 2P
P HGE A 5E M, SN J2 AE B P B T A
WA, A R T AR R A R HT Pl i ; (ERE 1
TR IELT, TR AR EE 0 W/, cosO AR K, TR
SN Fa W, FERI AR R T, BT =
AHZR AL ST S )2 B A R TR, SN )2 A il R i 1)
AR B FLR R, % WO AR R I R S LI R
FF, 3K B I Al R VR RS W S N SR L A AR it —
A R T RN R (7)), R B B S
[F B TR AR B A 4 B B 2, LR T RE A7 AL
B, i — 2 BHARIE R AT, A BRI RS 1R
HiRE

Psv=Ysityvcost (1)

A 0 FERARE, po ya F oy 235 R -
LT AN B R T DK B 1L

Q235 steel

Bl 7 G E/Q235 44 5 [T LU ) T B B I
Fig.7 Schematic diagram of the cross-sectional
interface of solidified wetting sample, aluminum-silicon
melts on Q235 steel substrates after wetting

ST HEEB RS AN Q235 MK, 1EAE]
700 CHyE R, A S8 PG S EM G .
IS ML KA RN . BYEEA & 08 2L 5 K e A 3
JER T OB, A4 Maxwell K3 % 35 i - I 4
I A e R 5 R PR X T R
JRIETE RN IR R, A — R AR, LT
e 5 V2 B P YR AN R, o 3002 i Y AR kg e 2R
PSP TS SRS Q235 MILKTE IR
T AR 2R, Wik, MR, B a 4
TR 2 A R AR RE PR 4 , (6 LR R B s £



- 358 - * wm #H R

2023 42 A

SEEAR AR VRCIRG 5 TR TR Tl SIS BE O, B RS
TSRS BEARS S AATE T Q235 ML RTH . TEFR AR (K
RIS Z 1T, BB G SRR 5 I A= St
S o Xt F Fe-Sn ZIuiR &P, RS HAT —E M
VREE, 2920 2.1%, AIREAFTERILA A FesSn, Al
FeSn. #4 D'Heurle™ 2 i itk & W ARTE B , 4%
TE S ARSI R ST & e = i FeSn 4B
Yo o T2 PR FES AUD, R Fe-Sn fb & #))2
(I T B 23 A 3 HO5R BT ) Fe-Zn AHAYAE
A FEREAETC Fe-Zn M4 . I EIR AT LA
h, TESRREIGTRE S Z 00, X TR )ZE MY Q235 Mt
i, FHFRTE MEM FeSn LG4 SO 2 K 1Rk
T3 BSOS R B BRI I 2 5 TR T AR B J2 1 Q235 4
FENC,  HC R T Ry v R 25 T T RN R B S O LAY HR
Q235 T 5 e AR B B i 2H ) S R T

8 AR RIS IR S8 B 5 A 4 Q235 MIILIK IR
LR E R SR aER AT 7% 202 1Y Q235 Nk
JIEI (& 8b) , SHEER K 1 555 B BRI = He fik
H1F 700 ‘CH} Sn. Zn BESE 4R THREIE T th %, P
LM B9 B VR BN DR 5 SR R T B, BRI T Y
FeSn S R WA st i i TRRebIa 14, BEfS & Sn.
Zn FFEILRM AR 5 Q235 MALIRH) Fe JLR A
A RNE o INER RS 5 TSR 9 Q235 ALK 1Y AH AL
YER T AT LAE H, 7EIEVRRI, BRaEIa 2 7E 8 B
TRl JHCE I — A 2 A A S e iV A 8
VR 55 A5 (4 fh kR R YRR 5 B8 A VR R 1 R - TR
TR | BRAEIRR 5 S AL, B IR IR BK 2 )
Fa ™M ysnzay— Yaisitysnza(y— Yaisiay €0sfs H T 700 CHf
B R S e R RE S £ B, AT Bainbridge”"
R RIS &8 s HAb S B oo R (5 k)
E@@Aﬁﬁﬁ%{&%ﬁgi‘éﬁg&ﬁ s I!lj( VAISi(l)SnZn(l)){% Hﬂ%ﬂlﬁi
T/ TR SR A e R i i e LA R 9 BIK 5l
By I A BRRE A AR o8 A BRI IR BEIR R 2 A
HRE, SCETE IR S5 R E A AR TE IR B8 )2 1 Q235 LT
B B R L B B AR A ) PR e A
JEZ FeSn [ AW PGEA#E, e IAEK S Q235
B SN TE R Fe,Als J2 R AlgFe,Si 2, BT
PR G S5 TR IR S5 R A R 2 ok, B Ak ) A
JoE AR T SO R I A A TR, X 23 BR | Fe,Als 2 1Y
Pt AR AR AN T o8 STEIR I, R AT
() BR AR AR S B SO AR, R AN /] T 3R A /Q235
MR B FeoAls 2P 1) b AR A BT 15 1A i o
G, MIE BV 21 Fe,Als 2

XF T ER AR T S O R Y Q235 HY RIS Y 1
M, W 700 CO IR R I S R 25 T R A
TERUHY T Q235 94 1 -5 Sl R 5 B I 20 1 i) S Joi 3
(& 8a) , DRI, Mo e B A 5 o 2 T A% i 1 4
PEo XT o F B PAHZE LAY S5 B 3R T, 2845 A
LRI o R ARS RSP B A R RO 1 - 4

filfa 0*. 0" %, Eustathopoulos 25 A M iE I {4 2 $h
F12E B S T S o T I ) T A 2 sk A O R
(2) , ZH LT HIRE R mE 2 A Cassie-Wenzel
iR, AR A A AR T R e, HS5—
L Sep 3 T I 0k S A A R 3 T Y ) 6 5 R —
P TR S Q235 HXHE I F 1 N,
175 e bR At U EL A A e i Y v, DRI, R
SRR e e R B o il R . ML TR REZ, 4R
T o A A o )RR DR T S N J2 ) A R B, 2
Bl RIS IE F ET Y S0 Y FeoAls J2 , (EARER TR 3
TR 24750 AT IEE B ek s A S5 9 T ) Al o 0K s A
AN, BB TR IR S AR Q235 LR/
LAl SRR R SR 9E )2 Q235 LR AS
il =22 7]

cosf.=f"cos@*+(1—f*)cost’ (2)

FA R 1)l 2 TR B 5 58 T B 40 4R 8 1 i 1 O
SR, WEBERAFER X h TR 82
g BT R RS REIA R B BRI B, I
JOCR B A SRR A 4 000 5, XY T
R T ISR A 5, DTS5 B0 (AR 20 B B AN 3 3
PERER, BHRFBE SRR, L, 5 RSN ELE A
Eb, SO REIS IR 7R 9 BB 4 AN LIS 6 i HL A T R
JRR R b2 R RS, R BB St —
BN, WEIES 2Eihd (B 1) kE, MRS
P —EEEG, WA TR TRE,

B 0 R R R 2 10 Q235 JLiE, At
Sn f74E THEFE G AR 2 (1 8¢) , M1 T Sn AY1IK
RIS B, ORI R R 2 A A A PR L 45
i, 7R A R R A 2 et R
W, DR SR G E A2 R R A T i
(AR, R U] 4 7 U 1 L T T i A 2 AR L IR
R P4 655 A 17 5 i) B T P

() o Interface reaction layer

Q235 steel

=== Tin-zinc alloy coating

Increase in thickness of tin-zinc alloy coating

a RAEHEE b BHER c BEEZR
K8 RSB BG4 Q235 1
LIRS A

Fig.8 Schematic of wetting mechanism for the
spreading of aluminum-silicon melts on tin-zinc
alloy coated Q235 steel substrates: a) Q235 steel

substrate with extremely thin tin-zinc alloy thickness;
b) Q235 steel substrate with thick tin-zinc alloy
thickness; ¢)Q235 steel substrate with
extremely thick tin-zinc alloy thickness



528 2l XU, . SRR IR SRR Q235 i iRAT> - 359 -

4 g

1) 78 Q235 MRMPEEB TG & e ARukEM
FEIAR S Q235 AN IEIR A

2) M5 Q235 ANE B A 2R /Y,
Ve V2 ) 0 R e s Al R e R P, SR A A
INo TEMEIRE T o2 iR )5, kS inis 2 5 5 % i
TRAT R JG A S 5

3) USSR LER, HEREE St
AR 25550 A 7 5 195 8L T B3 T

S E k-

[11 GULLINO A, MATTEIS P, D’AIUTO F. Review of
Aluminum-to-Steel Welding Technologies for Car-Body
Applications[J]. Metals, 2019, 9(3): 315.

2] XV VR4 RSP ARk U 5 L K P RERIT
FE[D]. Hrr: 7K, 2015.

LIU Yang. Study on Composite Technology and Properties
of Al/Fe Bimetal Composite in Automobile Engine Cylin-
der[D]. Jinan: Shandong University, 2015.

[31 KAYA Y. Microstructural, Mechanical and Corrosion
Investigations of Ship Steel-Aluminum Bimetal Composites
Produced by Explosive Welding[J]. Metals, 2018, 8(7): 544.

[4] VERSTRAETE K, PREVOND L, HELBERT A L, et al.
Magnetic Shielding at Low Frequencies: Application for
an Aluminuny/Steel Composite Elaborated by Accumulative
Roll Bonding[J]. Advanced Engineering Materials, 2019,
21(4): 1800967.

[5] LOMBARDI A, D'ELIA F, RAVINDRAN C, et al. Rep-
lication of Engine Block Cylinder Bridge Microstructure
and Mechanical Properties with Lab Scale 319 Al Alloy
Billet Castings[J]. Materials Characterization, 2014, 87:
125-137.

[6] VIALAJ C, PERONNET M, BARBEAU F, et al. Inter-
face Chemistry in Aluminium Alloy Castings Reinforced
with Iron Base Inserts[J]. Composites Part A: Applied
Science and Manufacturing, 2002, 33(10): 1417-1420.

[71  JIANG Wen-ming, FAN Zi-tian, LI Chi. Improved Steel/
Aluminum Bonding in Bimetallic Castings by a Com-
pound Casting Process[J]. Journal of Materials Processing
Technology, 2015, 226: 25-31.

[8] VALIZADEH A. A Study of the Bonding of Aluminium
Alloys to Mild Steel Prepared by an Overcasting Process
[D]. London: Brunel University, 2020.

[97 SODERHIJELM C. Multi-Material Metal Casting: Metal-
lurgically Bonding Aluminum to Ferrous Inserts[D]. Wor-
cester: Worcester Polytechnic Institute, 2017.

[10] CHOE K H, PARK K S, KANG B H, et al. Study of the
Interface between Steel Insert and Aluminum Casting in
EPC[J]. Journal of Materials Science & Technology,
2008, 24(1): 60-64.

[11]

[14]

[15]

[16]

[17]

[19]

[20]

[21]

[22]

BAO Zi-ming, WANG Sheng, HAN Ren-heng, et al.
Microstructure and Mechanical Properties of Aluminum/
Steel Bimetal Using Compound Casting with Electroless
Nickel Plating[J]. Materials Research Express, 2021, 8(1):
016517.
KOERNER C, SCHWANKL M, HIMMLER D. Aluminum-
Aluminum Compound Castings by Electroless Deposited
Zinc Layers[J]. Journal of Materials Processing Technology,
2014, 214(5): 1094-1101.
GUO Zhi-lin, LIU Min, BIAN Xiu-fang, et al. An Al-7Si
Alloy/Cast Iron Bimetallic Composite with Super-High
Shear Strength[J]. Journal of Materials Research and
Technology, 2019, 8(3): 3126-3136.
DURRANT G, GALLERNEAULT M, CANTOR B.
Squeeze Cast Aluminium Reinforced with Mild Steel In-
serts[J]. Journal of Materials Science, 1996, 31(3): 589-602.
SPRINGER H, SZCZEPANIAK A, RAABE D. On the
Role of Zinc on the Formation and Growth of Interme-
tallic Phases during Interdiffusion between Steel and
Aluminium Alloys[J]. Acta Materialia, 2015, 96: 203-211.
CHELLADURAI S J S, ARTHANARI R, SELVARAJAN
R, et al. Optimisation of Dry Sliding Wear Parameters of
Squeeze Cast AA336 Aluminium Alloy: Copper-Coated
Steel Wire-Reinforced Composites by Response Surface
Methodology[J]. International Journal of Metalcasting,
2019, 13(2): 354-366.
TRATRI, PREFVR. SRR S R AL AR RO A T M ).
R E I AR, 2019, 32(2): 79-87.
XU Qian-gang, XU Xue-yuan. Wetting Behavior of Molten
Aluminum on Cr-Coated Alumina[J]. China Surface En-
gineering, 2019, 32(2): 79-87.
B, RIS, EEE, S 4043/6061 FHE4-Q235 M
N AT g 5 TSR RS BOPL R[], R TR,
2016, 29(5): 116-121.
JIN Peng, LIN Qiao-li, CAO Rui, et al. Reactive Wetting
Behavior of Q235 Steel by Molten 4043/6061 Al Alloys
and Formation Mechanism of Precursor Film[J]. China
Surface Engineering, 2016, 29(5): 116-121.
WINDMANN M, ROTTGER A, THEISEN W. Phase
Formation at the Interface between a Boron Alloyed Steel
Substrate and an Al-Rich Coating[J]. Surface and Coatings
Technology, 2013, 226: 130-139.
HE Huan, GOU Wen-qin, WANG Sheng-xiang, et al.
Kinetics of Intermetallic Compound Layers during Initial
Period of Reaction between Mild Steel and Molten Alu-
minum[J]. International Journal of Materials Research,
2019, 110(3): 194-201.
KUCERA V, CABIBBO M, PRUSA F, et al. Phase Com-
position of Al-Si Coating from the Initial State to the
Hot-Stamped Condition[J]. Materials, 2021, 14(5): 1125.
D'HEURLE F M. Interface Reactions with Formation of a
Solid Phase on a Solid Substrate: A Short Overview[J].
Materials Science Forum, 1994, 155-156: 1-14.

( &35 368 11 )



