GO ERESR A » FICH T B ERMLEWHOBR LEET 2T 2215

[ELEBITHUUDRIRHBHTTHEHTHIDTH G

o X

UDC 669.148.65: 669.58 : 548.0 : 620.18

MO IRBTSE # v FitBT 5 BEILEWHEO
Rk & i DT

EH B R @k B/ OE @™

Formation and Growth Kinetics of Intermediate Phases
in Hot Dip Galvanizing

Yoshinori WAakAMATSU and Masami ONISHI

Synopsis:

Iron specimens have been immersed in molten zinc containing no aluminum at temperatures of 430
and 460°C. Intermediate phases appear in the order of { (FeZn,,), palisade §;(FeZn,), I'(FeyZny,), 'y~
(FeyZny,) and compact &,(FeZn,) phases. This order agrees completely with that observed in the reaction
of iron with solid zinc. The reciprocal of the appearance time of each phase has an Arrhenius type of
temperature dependence in the temperature range from 240 to 460°C.

When new phase appears, the growth rates of the phases which have existed prior to the appearance of
the new phase vary complicatedly. A side from these variations, the palisade 8, phase layer grows rapidly
twice after the formation of I" phase and the following formation of compact 8, phase. It appears that the
growth of all phases could not be represented by a simple exponential function.

EPMA line analysis reveals that the concentration gap between compact &, layer and palisade 6, layer
becomes gradually obscure with the increase in width of total 6, phase layer. It seems that the concentra—
tion gap between both &, layers is merely the steep concentration gradient derived from the concentration
dependence of interdiffusion coefficient in d, phase.

1. #

Al RO Zn BT 28RO Zn x »
HTr, RESMERE T I' (FesZny), 6, (FeZng) %k
X ¢ (FeZny) o 3 @O EBERLA WS EIRICK
Ehs. Zhbo&BRbEmbNcTIEE 6 HED
BliciE s B+ % 2 &k X U6, M3 % palisade
0,92 L compact 62 D 2L LTHIEINS Z L2
5. Hansen® ¢ Fe-Zn 2 55RFEIKFER i [, 6,3
XD 3 EEATREINTWEDT, &<
BB OVTRERDLI LR WEE I EERE
L A& C double I' @& 5 \X two thin layers®s)
LI T Wz,

—FRICYERL Zn Xy F & &L RELBLOIFE TIEIKEL
ERLEEROEE W t35Lx, Wik (1) Ko
X5 T nERsR ¢ OB TERDbIN D Z LB\,

[

Fol 1 5% 0.5 THIUE VD B IAFRRIAK Y SLo DT
BEBREOREER LMD LT o EXFNEFH &
Exbzkicksd. L LEALEH Zn 2 v F ST
VAR Lz bE o &5HES XA 7L 2 La
DIRTDOVWTD n BIEECTIO>TRRDIO, LD
FAOBRE T 2 EE @RI OV T d a5 R
O ~NBEH XN TVWEDOBHIKRTH 5.

FE o 13dkicom Fe-EliR Zn Mo RGZ2H~, Fe-
Fifk Zn flicsnwTd [, §) IR IHEEDHHAD
Z &, double I' & X compact §; ¥ XX palisade d; 3
BERIhs AL TSEEBHIT, ZhbD{bkE
WH—EONERF TERKRHIERT S C L2 R L. W%
TR Zn % v FRISTR T H{LAWHEOI KRS X
REBR A MO TIZ L, A & SRR & D% S
B XOARERH CEE L n [EOMBEIC O OVWTHERT
%.

* A5l £4 BEASBEARSCTCHEE B 52 £ 11 § 21 A2 (Received Nov. 21, 1977)
* I T KRS T 2% (Faculty of Engineering, The Kyushu Institute of Technology, 1-1

Sensui-cho Tobata-ku Kitakyushu 804)
QM TERET R

Ti& (Faculty of Engineering, The Kyushu Institute of Technology)

— 117 —



2216 gk & W

W 64 45 (1978) 45l4=

2. R B K&

Fe ZUERL Zn WWiRET5 & %, EfloREc k-
UEEMBRE L KET 5 &, EREER O BRVIRE)
BIXRBORTICD ESWTILEWENIKEE LD,
D VIRIBERLIE Lic b 0o B3R HENET 57 & LTibat
EBRBREHEY 2ET52:085%. LB oTELEY
JE DR X % IEHET KD 5 1 b B oS X R
MBORERGSLERDS. O HHORDERIR
BWAEETHERCIE Fig. | WRTEEBZHH L.
JE1E B Cr3ERIEREIC 31T 2 HEBPERIEHEL 755D T
ERESHOERRCIEBAZFER L. $TEEAT
e ) —HMBIXOENTHEICL DT, EFEE2FECL
72 10% 25X 2mm @ Fe 3t 2 K th 5 O & CHERL Zn &
F—REh#E Lictk, REBIRZEBETLICLITX
2T Fe 50kl% Znigic&E TIRE L. ZTETOK
BE T _T7 IR TEE L. £D%% Znid
W a TS, Fe 3% Zn 32 LB H LTKH
CEW Lz TOBE Ssec FEE DR OEER AT RE
LI BHR, 773 21F 460°C T 10min, 430°C ¢ 15 min
PEoRETIRHLADE»FEE L, Miidofis L OR

Ar—
4

1 : Annealing furnace, 2 : Stainless steel tube, 3:
Rod for carring boat, 4 : Silica boat, 5 : Iron speci-
men, 6 : Silica tube, 7 : Molybdenum net, 8:
Graphite crucible, 9: Molten zinc, 10 : Galvanizing
furnace, 11 : Jack, 12 : Graphite vessel

Fig. 1. Schematic diagram of apparatus for

galvanizing in argon atmosphere.
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REVCEBIREESAFET S, FEGRAITRZTLRD X

— 118 —




GO ERES A v FITH Y 5 E&BHLLAMHEOBRK L KRR oW T 2217

G C
~—0 1 Sy
Fe Fe
Zn Zn
z a
S
\ S T !
¥
© Fe
Photo. 1. Photomicrographs of alloy layers
formed after very short immersion at Zn
430°C.
(a) 5sec, (b) 17sec
g
P.§,
r
Fe
Zn
c
P . 6 1
C - 6 1
D.T
Fe

Photo. 2. Electron micrograph of intermediate

phase layers near the iron substrate Photo. 3. Photomicrographs of alloy layers

obta:ined after 5 seconds immersion at formed at 430°C. for various periods
430°C. .
of time.
(a) 1.5min, (b) 5min, (c) 10min,
5T 01 MITEIERLERG 32T, £ T TR HER (d) 80min

WOBIRFER E 020 TH b, CHEBRER L OB ORSETIE Fe & Znfic £ ¥ CMABERL, Lol
CHERRMERD bV BEROWD Fe LEKZn & kO Fe REN RO 00 @HBT 5. 01 dh
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V. D% 6 M L CHE DREE Photo. 3(c) itH,
FFONL XS HCTFHRERD. COBRMEICHKIT S0,
FRVSAAMR 2 29 5 Vb 5 palisade d; DB 57
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Fig. 2. Scanning profiles of alloy layers formed
at 430°C for various periods of time by
EPMA. (a) and (e) : 1.5min, (b) and
(f) : 5min, (c) and (g) : 10 min, (d)
and (h) : 80 min
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Fig. 3. Variation of phase layer thickness with%g
immersion time at 430°C.
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Fig. 4. Variation of phase layer thickness with
immersion time at 460°C.
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Fig. 5. Scanning profiles of alloy layer formed
at 460°C for 14.2 day by EPMA.
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g4 1.3mm Eps LT RINTWS. 22 Th,
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A irEZ Ly T EESRD LS. HEOXR &
BT 5 Z LI X DT OEEEIK Licd Db, Hikg
(d) THY, W 6 BRETALRESRIC X 2T
NBERET CRERIELIZTVEEY. T TIRIRED Lz X
51T 01 MHN DM EIEERE O IRERGME 2 B5E Ucfs
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PLEDREREERE 2N L, Fig. 6 cftFEpE LT
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RO T EHLREI R 2 7R U, I 3 X O Iy FEO SR
W5 Fe BEBERINTWRVOIXEHEDEIEL
EbDTHELHEERRWETH O Litdh DL, &
MY & FC palisade d; OABRLKD, ZDEEDL
FICEET 5 61 MHOSERIBEIIEIICEE LTELLE
{t3%. ta 29X compact §; BRHIB L, ZEFKRIC
I'y #8538bhs EF47< 6 Mo I'y Al Xt
BRREXISEEFHEOGEL, DME—EL 5. Fio
X 51z palisade §; & compact §; VIEFEFETIX/NH
/8 OICHFET 5 A IRE ARSI 2 55 U CHEmEE
MR 7 50T, Fig. 6 Tl &4 DBz oW\ pali-
sade §; B & compact 0, BT DT OHLGREEH % 5]
LTCRLTWS. &3 3L GIXFNFNh palisade §, [
2355 1 AR X O 2 Blo AR BAT 58 MTH D,
WERNOEEIC D palisade d; f§ OMLFEEIIHSE LV
MZHEZR LT W5, 61 HOMEIESURET 2T
SAE L IRERFEA2E L, 72 & 2 SHEIRERE A NEIE

s ta ts

Log t

Fig. 6. Time dependence of Fe concentration in
intermediate phase layers at 460°C.
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Fe (7.8 wt?, Fe) 12Z{b§ % LA IREFREGIK 30 £5
FTHEAT S, L/zpD> T palisade 6, JEDOHE | [l
O 2 [AA BRI T palisade 0, JE DKL
FDOZEAITHE S AR OZE LA RESEZE LTy
BHDEEXDL EMTES.

Fig. 7 34L& iAo L BEE % X O° palisade 6, [
D 2 EOBRKEFAR, t~ts ORE L INENEE O
e ORRERYT. RICEARROERE & & B B
OEEREIEDRER L EDENTERY, bt IlFEREE
BLUTREFAEMBERERS. AHETIE 4 KBELT
AL DIEHRE 2 TWIRWAS, b~ & [RBRICEEE G
CETDH 4 OEBLZIER Zn x v FEEETIET S
ZErWHREEEZLND. t & 460°C HET B &,
1.8sec 232 6N %. ZOHEIE A5 CERIMTIRER Rk
R Ssec X DX sty FEREBRCTbIC LR
BOT it BROt, OMHPREE &85 20T, Bl Zn
Xy FROGIT B WT S ERES & MR E 3R & 3E
R (OB, 6 (palisade 6, OHER), . ('O
), t3 (palisade 6, O | MARKE), &4 (compact §
BIO I'y OHB) SXO & (palisade 0, @ 2 2 [FIA

Temperature (°C)
4?0 420 380 340 300

(ti:min)

Log 1i

O Reaction of iron
’ ! with liquid zinc
/ ’
_ _,,:'_ ,/’ | & Reaction of iron
A with solid zinc |
'
/ | l
1.4 1.5 1.6 1.7

103/T (K™)

Fig. 7. Temperature dependence of the forma-
tion times of phase layers and the beginn-
ing times of rapid growth of palisade 4,
phase layer.
t1, ¢, and ¢4 : Formation of palisade 4y,
I' and compact §;, respectively. ¢; and
t5 : 1st and 2nd rapid growth of palisade
d, respectively.
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4. *= =

Fe-Zn 2 553 FHARIRARR D A4 35 K OREHRO1 D[]
PRI DI BT D\ T, FANsEN® B 0, 35 & OF
I HHZ»EST LR LFEESRAAShTWS. 6
ZoWTIX £33 Uiz GHONIEM 519 73 §ix & opp
(A7 CIE L £ compact §; & palisade 6;) @ 2
MICHT 5 & & 248 L7chs, &l Bastiv 519 13 ok
L op BFE—OKEMEEEE TS 6 BIURETSZ &
B4 Lz, BasTin B3 RFEFESR 60 MO c/a 25

¥ 11 at9pFe THR/NTR 2 Z L RPALT L, T OMAR

Table 1. Values of the 4; and B;.

t: At' ?

' (104 minK) ( min)

ty 1.11 —16.6

ty 1.15 —16.8

ty 1.18 —16.6

iy 1.26 —16.7

ts 1.35 —16.7
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DIHNR D compact §, & palisade d; B DOIREREIC
EHEND Z VDT T, RERBIIAEER 0%
Tk, BRREANEHTHH S EFEE L. HDHHM
FREPA T RAMIRE AR ME UsIitid, £ OMK THREMR
BN D 2 L RFIR & T 505, BasTIN 50 sk
L EORL FFHHICEE S b 01 N OFMATREURIL
BTN, F—ORMIOE LTV D OERTROE D
THh5. 3 &3 L compact §; & palisade §; & DT
VEMATTRZI SN X5 RBEEEERRIR VT &
X 5Tty DETICCIFET % palisade 6, [N® Fe |
WOEWAERR T, palisade 6 JBUER DMK 23k 2 1 TH
$e3 5T compact d; BAHF T % DT, compact §,
& palisade d; & iZPAMEBSMMBLINCIITh D2 EE
BEME TR 2kt vwa 5. R 6 i
B L CIlIfE A 7 HEERIT D 22 do 9%, HANSENY [T X
LB BE LWL 5 TH5E. I’ 53X R T NT
13, Thvs 2 HHOBEMSEME O HEIE YR E LT WE
ORI 28RS RZ T 55, Bastiv 513 X
FRENT DFER Ty FEOSSL LA TH B T Ll LT
WHDT, I OREMEREZEFETLH L &b IR
Iz € Hansen OIRFERZ EIET S5 LEBD D X
SiEbhg. DErSHELNL X S Fe-Zn S{TIX
ty DT 5> & -2 T HEHRAE AR & AR AR i o AR &
FEHCEWTRESC—FKT5 Evr 5. JKEERED
HLAK & PATIRER & OBMRIZ DO W T H R FMmBH 5.
Fig. 6 # 1.5 & &, ErRlClRZMMOERIREIXER
[HIZEL, 1BIE—F & 50, TNTEMOIRE X D Fe

Table 2. Values of the exponent “n” of the £, total §;, double I" and total intermediate

phase layers.

Galvanizing conditions
Source
Total | D.I" | T.0o, ¢ Temperature (°C) Time
Present Work .45 0.25 0.63 0.21 460 5sec-14.2 day
RowLAND® 0.13 0.53 0.31 450 1 min-2h
BLICKWEDE? * 0.099 | 0.60 0.156 448 1sec-6h
* 0.109 | 0.63 0.28 466 l1sec-6h
* 0.216 | 0.64 — 482 1sec-6h
HORSTMANNS®) 0.5 0.5 430-490 15min-2.5 day
BLICKWEDE20) 0.5 450 <1 min
0.5 0.5 450 <6 min
ALLEN and MACGKOWIAK2) 0.5 0.2 431-489 lh-17h
STrRICKER and HorsTMANNZD 0.5 433-467 2.5 min-20 min
HERSHMANS) 0.22 0.64 450 2min-1h
SjOUKES?2) 0.23 ® 0.26 459 10sec-2 day
0.30 459 10 sec-32 min
0.58 459 1 min-2h
GLADMAN, et al?® 0.40 430 10 sec—2 min
0.27 445 10sec-2 min
0.28 460 10 sec-2 min

Remark * Wapktn
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ATIRE LT b, —BRICHREE AR O ML Y TE AR RE
DR & —F L\ & 5 EA0 18 RS R T
WHXSTHHR, TDRITOWTIEE RIS 5 &k
WL TW.

HE T2 X 5 IRl Zn 2 v F I 58 L0
T, LA ERED 5 VIX LA iR EIE
2 (1) Rt >T KETD L v Ritns, L uiE
D) KD nfESERDENT WS, F T CORIFZEREE &8
FOFRER & 2 T 5720, Fig. 4 Ok 2 EE &
BIs UTEMRR TN 2 /2 L n fEX2 kD7, 72
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