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Microstructure and Corrosion Behavior of Intermetallic Layer of Coating
in Zn-Al Alloy Coated Steel Wire Manufactured by Double Hot-Dip

Process

Synopsis :

Tkuo OcHIAI and Hiroshi QHBA

A study has been made on the microstructure and the corrosion behavior of the intermetallic layer of the
Zn-Al alloy coating by immersing the conventionally galvanized steel wire in a Zn-Al alloy bath containing

3 to 10 mass% aluminum.

(1) The Zn-Al alloy coating by the double hot-dip process has duplex coating layers. The outer coating
layer has the same chemical composition as the alloy bath and the intermetallic layer, which is formed by
the diffusion of aluminum from the alloy bath into the Zn-Fe intermetallic layers of the galvanized wire,
has a higher content, i. e., approximately 30 mass%, of aluminum than the alloy bath.

(2) The microstructure of the intermetallic layer of the Zn-Al alloy coating consists of the Zn-Al alloy
matrix of the quasi-eutectoid phase and the fine, plate-like precipitates of Fe Al 3 containing some amount

of zinc.

(3) The intermetallic layer of the Zn-Al alloy coating exhibits such good drawability that the total re-
duction in area by drawing can be increased to over 80.9% without any crack occurrence.

(4) The first rusting time of Zn-Al alloy coated steel wire in the salt spray test is over four times
longer than that of galvanized wire, and the high corrosion resistance is unchanged after drawing.
Key words : Zn-Al alloy coating ; microstructure ; corrosion resistance ; drawability ; intermetallic layer ;

wire ; hot-dip galvanizing.
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Table 1.
(mass%).

Chemical composition of specimens

C Si Mn P S Al

SWRM6 | 0.05 0.24 0.35 0.018 0.009 0.025

Table 2. Chemical composition of alloy bath
(mass%).

Alloy Al Si Mg Zn
Zn-3 Al 3.02 0.03 0.026 Bal.
Zn-4.5 Al 4.52 0.05 0.025 Bal.
Zn-5 Al 5.06 0.05 0.024 Bal.
Zn-8 Al 8.11 0.09 0.026 Bal.
Zn-10 Al 9.97 0.11 0.026 Bal.
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(a) Before second dipping (Galvanized wire)
(b) After second dipping

c : Coating layer

m : Intermetallic layer

s : Steel substrate

Photo. 1. Change in microstructure of coating by
second dipping in Zn-4.5Al] alloy bath for 5s at 713
K and subsequent water cooling.
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Fig. 1. Electron probe microanalysis on trans-
verse section of Zn-Al alloy coating (Second
dipping : Zn-4.5Al, 713 K X 5s, water cooling).
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Fig. 2. Relationship between aluminum content of
bath and maximum aluminum concentration of inter-
metallic layer of Zn-Al alloy coating ( Thickness of
Zn-Fe intermetallic layers of galvanized wires : 8
um. Second dipping : 713 K X 10s, water cooling).
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Fig. 3. Relationship between immersion time in
Zn-Al alloy bath and maximum aluminum concentra-
tion of intermetallic layer of Zn-Al alloy coating
(Thickness of Zn-Fe intermetallic layers of galva-
nized wires : 8 um. Second dipping : Zn-4.5 Al, 713
K, water cooling).

m : Intermetallic layer

s : Steel substrate

@ : Aluminum-rich phase

B: Zinc-rich phase
Photo. 2. Microstructure of intermetallic layer of
Zn-Al alloy coating (Second dipping : Zn-4.5 Al,
713 K X 5s, water cooling. SEM micrograph).
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FIUIZ 7TI3K X 20s B L 22358 0 & b &E AL
GO X BEVHHER % Fig. 4 IRT. @B#IfY— 21
Zn, Al, BXU FeAly; TH Y, BREHOOEOFE
e % EBMLEW TH D FeZnys (( M) % FeZn,
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Fig. 4. X-ray diffraction pattern of intermetallic layer of Zn-Al alloy coating
(Second dipping : Zn-4.5Al, 713 K X 20s, air cooling).

@40

231) (231)

ZZo)‘ 2iY) {022

(a) Precipitates observed in sample dipped in Zn-4.5 Al alloy
bath for 20s at 713 K

(b)(e) EDX spectrum and electron diffraction pattern of precipi-
tate pointed by arrow in (a)

Orthorhombic FesAly3

Photo. 3. Transmission electron micrographs of
precipitates in intermetallic layer of Zn-A] alloy
coating.

(a) Zn-5Al alloy coated wire

(Reduction in area by drawing : 80.9%)
(b) Galvanized wire

(Reduction in area by drawing : 23.4%)

Photo. 4. Microstructure of longitudinal section
of coatings after drawing.
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b7 T v ridAkEDLN N, :

3-5 AELHOXMBOMEM

WAKEFABE R % Table 3 IZ/RY. 22T, 8%
DO EOBEMEHO O ST LR AL FE
(Superiority ratio) KD X HICEETH. -

(1)BEEREICH & O CAMEER



302 %k & W B 75 F (1989) £ 2 F

Table 3. Corrosion resistance of galvanized and Zn-Al alloy coated steel wires in salt spray test (As-galva-
nized wires)™® .
) . %3 Coating thick . Superiority ratio of
Samol Coating oating thickness Weight loss Time to Zn-Al alloy to Zn
1{]1:)9 € Alloy welggt in 100 h first rusting
. - (g/m*) Coating layer Intermetallic layer (&/m?) (h) (1) Weight 1 (2) Time to
(um) (pm) eight loss first rusting

1 Zn 475 57 9 90 © 1080

2 Zn-5 Al 191 18 10 45 3650 2.0 8.4

3 Zn-5 Al 334 38 10 56 3790 1.6 5.0

4 Zn-5 Al 438 51 9 60 4180 1.5 4.2

5 Zn-8 Al 161 13 10 41 3670 2.2 10.0

6 Zn-10 Al 143 1 10 22 3840 4.1 11.8

*1 Water-cooled after second dipping *?2 Coating layer + Intermetallic layer

Table 4. Corrosion resistance of galvanized and Zn-Al alloy coated steel wires in salt spray test (As-drawn

wires)* 1.
Diameter Coating™*?2 Coating thickness _Time to Superiority ratio
oimwl:)‘e weight Coating layer Intermetallic layer first rusting of Z';‘_AZI alloy
(g/m?) (um) (m) °en
Galvanized 1.6 230 26 6 144
Zn-5 Al alloy coated 1.6 207 24 5 2 060 15.9

*1 Reduction in area by drawing : 75%

__ Zn O ERE
Zn-Al OERRE
(2)REBFHRAREMIC D & T AR
_ Zn-Al OFRGERERE
Zn DFRFEFEEREH
Zn OHD EtEE
In-Al o> 5% E

Table 3 IZ/RF K 942, MF XAMAICIE—FT 5 58,
EEDOEDORGREMBIEEBRES S TFHEENLE
O LENEL, B2, DOARNEEDOL L VIEAICHE
EThHb.

Table 3 DFRESHO 2> EHMH (No. 1) BX U Zn-
5Al 4920 M (No.4) #*EE 1.6 mm F THK
RIEKEBAEBR LT O, HR% Table 4 ISR, K
WRAERHIDEED O ZOHAMERE KDL L, ©
DE T TORBIHTHE2DE V.

4. % 5

4-1 2EMILEYEOR KRS
EBERTHENIX I, A& 30L& EHEILAY
RBIEBGBREICBII S Al DILBGEE R KX , X~
LI, BEHOFELIRE L2 IThSEHS %3
BIULNTERY, Thbb, G402 XB0 Al B
% Co, Al DR¥EEL (Bulk diffusion) D¥LE%R% % D,
LT 5L, BERKE & Zn-Al 2BEBILEYRBDIES «
IBIT5 ALBE C(x, 1) (1) TEINRS D,

C(x, t)=Co(1—'erf

*2 Coating layer + Intermetallic layer

w¥, D, THERE 1072 em?/s”, t % 55, 2% 10pm &
BT, Mgk 0ERMED Al BEYEE TS &
0.002Co &%V, Fig. | OEBRIEREEHHT 2= L 28
T&%\w., LA L, D, nfibhIzHifk Al © HEH#
3 D, (=1075 em?/s)® % FIv> TR O3Bk E LT
HETHE (EEO23BRTOEBESATVWBELDE
T5), Al lEEIE 0.92C, L%, Ricihi~% Fe &
Al DFILEERILFERT vy VYRS EZEBICAR
ZVIAPETE TIEH 5%, ERER T EMMICHBETS
ZENTED,

BT, ERMteWBoREBIELERET L. BRE
ROD ZHH L Zn-Al EEOOEBILRETAHE, &
R (ESHRE) WIEH L, Zn-Fe SRMALAYRE A4S
HOXBEEBERMT AL SRS, ZD0, BRO
Al dEEEILEWRBREICHEL, 2T, Fe & RIE
LT Fe-Al ERHALEMEERT 5. DKL,
Zn-Fe B LAY D Fe AR L, Zn-Fe ZFHIK
HERS ASRT & 512, Zn ORBAEAAERT 5. LI,
W AL EF AR L -RBHEZHRL KB LY
D&% In-Fe ERELEMBEREICEEL, LdoK
IEHHEEE NS, TOXHITLT, Zn-AlEE~ Y »
2 A% Fe-Al £BHLEMONH L 2FH L VEd o
DERBHPBMENB LEZLND. TN, WbOLA
EOOEOERBRBILEWRTHA. Thbb, 5800
EDERBEILEYE X Zn-Fe 2BMILEYRB L L L ik
£y, ELVERTOSERILAYE TELYy (R
ECHERMAEL LTonEEI L eTn). %
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¢ : Coating layer
m : Intermetallic layer
s : Steel substrate

Photo. 5. Photomicrograph showing irregular in-
terface of coating/intermetallic layers of Zn-Al
alloy coating (Second dipping : Zn-4.5Al, 713K X
5s, air cooling).

B, ZHMW L SEBILEWEOHICaF - 2eBBLE
MBERTHEEZONDD, REBRTIIT5LMEITE
1922 T& %D/ Photo. 513, BRIEBEKICHEH
mTRE 5 2 A OMEGT, RBICETA2ERMIL
BB OSET HRAFBRE S, SEELEWE DT
BB CRBAMHDERT S 2 L 0 ERNICHERE S LS.

BRSO XBEICBITA Zn O Fe B34 0.008
mass% L&KW A5, Zn-Al EEBIZB TS Fe OFH
B HEE <, 773K 2B W TH 0.3 mass% & #t
ELARTVEY LR Zn-Fe £BBLEY D5 R
BREICBWTHE, ER LA Zo-Al AERBE AT TS
Zn-Fe €BBMLEW L D Fe 2t s h B /20, HIC
KT Fe iBEXBVWEEZOLNS. Al & Fe DL
BB IRKE VWD, FeREOE Zn-Al 4&RE
HBIZBITA Al DfLFERTF v v VKL, RFv v
VEBEEBD L7200 Al BEHSILEBAT S0
$.# (Up-hill diffusion) BEHFA LD LN S,

L L, B ALREO BRI XD LAREICRA
BENB D, BEEHICELTS. Z0&E, AlO
WEEESERT T 5720, Uik, SBE{LAWEN~D
Al DEBBAZEBICEBAL TS, LzatoT, Bims*
— DA, Fig. 2 BL U Fig. 3R+ L1, &8
BILAWRBICBIT S Al BEOE— 7 HI3ED Al RE
KRR, T/, BEREOEZEDL /NS, Photo. 6
u,@%@kéw&yﬁ—u—WQmmfﬁ¢wﬂﬁn
WOHITOT A ES R LHEODHO SBRAKT, SERM
ILEDR L VHBEET LBEVALDOLNL. Th
i, BEERICEBEMEICZ 2B RILEWE LT, B
THUBEMICES L) LRBROEZH e XFHTHHDOT
H5.

¢ : Coating layer
m : Intermetallic layer
s : Steel substrate

Photo. 6. Photomicrograph showing intermetallic
layer detatched from steel substrate (Second
dipping : Zn-10Al, 753 K X 8s, water cooling).

B : B-Zn phase
e : Eutectoid phase (Light area : @-Al phase, Dark area : 8-Zn
phase)

Photo. 7. Microstructure of coating layer of
Zn-Al alloy coating (Second dipping : Zn-8Al, 743
K X 10s, air cooling. SEM micrograph).

SR BIL&wE OMAk (Photo. 2) X, Photo. 7 IZ
NI RBOXNTAHOHB L P L TB Y, HGHEOT
H# &0 EDX SHifER L 0 Al ICE &I a-Al 48,
F7, Zn llBUMIZ B-Zn HHTHB EEX OGNS,
WA L oHE X, SBREILEMR DFH A a-Al HHD
EOLEERB NI LT, < b vy 2D Al BRI
WHEEIVETE AIAITHL LTSNS, Zhig,
WiE (713K) 2B A EHBRO Al BEIH 28 mass%
ThHrHrI LY LABAUETALCE. SEMILEYWE
76 FeyAlis ¥ 3BEL7- Zn-Al = MY » 7 A DM 7%
SIS HOBFETH 5.
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O Zn-5Al (Coating layer) -
3001 ¢ zn.5Al (Intermetallic tayer)
A Zn (Coating layer)
A Zn {Intermetaliic layer)
NE 200
3
&
-4
2 100
0
0 500 1000
Time (h)
Fig. 5. Corrosion resistance of coating and inter-

metallic layers in salt spray test.

BT B HREERERFRIZ, Table 3 IRT LS5, EBD
REEES L TFPRENLEIIHNTH LRV, 22T,
BREHROOXBLVEED I ZRZPRIIS>VWT, E
BRIEKESERBRICBIL2REB L UEEBILAWRED
BEEHZHEL:. 22T, £EBLEWRIZoWwT
RROFETRBLFABL 2. EV£BEILEYRE (&
SH32um HERCBRELCH 27 gm®) ¥ AT
B 3.2mm OBEMEHOO FMBREEEL, 74>
FICLDRBO Zn 23 LT Zn-Fe £E LA WRE
DHEEL, 7, ThE TI3SKIMREELZ Zn-5A1 &
OO EEIZ 10s BiEHR, 7M1 I &BERAL
EYRBDAETRL TRB LRI L. Ths0lEKEE
AERER % Fig. 5 [ORT. RBICEL T2, RERKERE
DFEBIZE DR VERBEHOO X L EE2DD X DBER
i, Thbb, BREEOEIMEAL TV, T hi,
BRESNOD X DS, Zn DBEEBYWHESIZFHH
THDIIHLTY, &2 %2180 TIit, EEHAG
EHR T 5 RTHOBERERY OREMRHIE P,
W 7% A ORISR & B & v il
HEERONL. —F, SEEILEWEBIZoVwTiE, &
AESHD O X DOEBRMILEYR OB RBENSTKBICH~
T# 40% Z VDI LT, BE&HD 5 OBFAE, Hic,
#20% v, Thig, BB LzEH1Z, 4005
DEBEALEWRE AR L VE Al O Zn-Al &
EETPIy 2 RLLTWALEDEEZLR, EREE
ENRTVBRWZn- Al BEDBAEE L b—T 5.

500 h DIFKMEFEAR LT o288 2 X3 (Table
3D No.4) 20T, BREABRYWERELOL, &
HEOBITRILEBE L 2. #E % Photo. 8 IZ7RT. =
DHEMDBE, GHREOESLOE D0, BAEE
KEEHBTRECELYY, BORBEATHIZLH

¢ : Coating layer
m : Intermetallic layer
s : Steel substrate

Photo. 8. Microstructure of Zn-Al alloy coating
after salt spray test for 500 h (Sample : No. 4).

b oY, FEAICIBEISEEEAYE ICHEL T
wh.o L L, EBEMILEYENE~DBEEDET
ek, BELTHEETHARBOBRIEITT 2. sk
WESNTVSE X HIC) 3mass% AIEAPIC BT
B Zn-Al EEOBAEM T Al BEOKIICE b5
TERATS. L2hoT, EBEILEYWR OEMNIIEB
K LTHEE LB, RBOBEHADRILIISE
BLEMBANE~DIBROEITHIIFI S D L E2 bR
. DEs~7-X512, 2BETCREIREEDDX
WMHROFREEREREIREVED L, £EMILAYREK
D EMEI B LICMA <, FELLEBILawER
DEFALFWERIC XY, ERMLESWRBIE~DEA
DETHVHFI SN, Do, BWULEEIC X R
DRENBHIEEN LD EFEZ NS,

Table 4 IZ/R$ L )12, BRIHESTOODELEL Y, &
EOD S ORFERERHE IHHRELHEFIND. g,
BEODXHDOEBGF LY ER L - ERBOBELIE AR
PHBRICEDERH SN LD, 72 500D
CRBEILEWRB O MY v 7 225, MBI IE Zn-22
mass% Al BEMHEEITE L, MMk o-Al L B
“In HAOHEE SR TV B DBV INTH AL,
MPICT Sy 7 DORED LW LAEREEZONS.

5. B

2HETHESNT Zn-Al BEDO XHWBEODO X
AL HEOMBREHEL ST A L2 HIIC, &
HOBEMAESO O EHMH % 3~10mass% D Al 2 &t
In-Al RO EHIIBRIET HHETEED D SHWE
rEEL, SRMILEYWRBOEELHAR DWW IHE
L7, BONBREEHNTHE, UTOLd 0k 5.

(1) 2WETRESNLELEDO XFRODO 3B I

—100—
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2BHER LS. EBOHMBIAEDPEELFELTH
%75, SREBILEDRO Al BEIEED D XK
L 5T 30 mass% L HV.
(2)&RMBILEYR I HERMESO > & D Zn-Fe &£
BLEMBIZEED D EHD Al BT A LicLD
EHRENbDTHYH, ZOHEMAEICB VT Zn-Al
BEOMBEHEVERT A LEZONS.
(3)EEBEILEYR O, MR X b #HET Al
BEOEW ZIn-Al E&F <MYy s 2L L, ZThIC
FesAljs O MR IRER ST HLLZDBDOTH 5.
Fe,Ali;s ZBB LA A HR 2V LIZEMERT
Zn EHEL TV A,
(4)EBRBLAYR RV REIMIEL A L, M
W 80.9% THZ T v 7 DFAEET V.
(5)2BETRESN-EED 0 MROEKEER
BRIC B HREE AR L, IERLTESHO O & MR 4 £
DEThHn, 27, MBNMTCI2HEEOHLIEA L
L oRo¥ (X7 AN ,
AL EBTHICHN, ZROBH I/ E
¥ L7- BESE(BR) % & O HESBILFE (bR O BRE
DR LT, BOEBHOBERLET.
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