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Effect of Hardness of Steels and Welds on Liquid Metal
Embrittlement Cracking in Molten Zinc
Synopsis :

Liquid metal embrittlement cracking (LMEC) of steels and welds in h
studied. Commercial weldable structural steels were exposed to Y-
load test in molten zinc, and the effect of metallugical properties on

were investigated.
Results obtained are summarized as follows.

(1) In both tests the welds suffered from intergranular fracture in

ot dip galvanizing process was
Groove cracking test and sustained
LMEC sensitivity and fracture stress

grain coarsed region of heat affected

zone in molten zinc. This behavior corresponds to LMEC of welded steel structures.
(2) LMEC sensitivity of steels and welds, which is expressed by cracking percentage in Y-Groove
Cracking Test or liquid zinc embrittlement fracture ratio in Sustained Load Test, is influenced by hard-

ness.

(3) LMEC fracture stress is affected by hardness and grain size of steels and welds.
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Table 1. Chemical compositions (wt%) and mechanical properties of materials used.
Materials | A(mm) | C Si  Mn P § Cu Ni Cr V Mo Nb Ceq.(%)| T.S.(MPa) Y.P.(MPa) EL (%)
SS41 19 0.17 0.26 0.58 0.012 0.012 0.02 0.02 0.02 Tr. 0.003 0.01  0.28 428 282 310 P
SM50 19 0.16 0.42 1.33 0.034 0.016 0,05 0.02 0.04 Tr. 0.005 0.01  0.41 537 399 30.0
STKS5 18 0.15 0.26 1.35 0.021 0.002 Tr. 0.01 0.0l 0.040 0.003 0.03  0.39 583 502 20,2
HT80-1 19 0.14 0,23 0.85 0.017 0.002 0.17 0.02 0.37 0.043 0.320 0.0l  0.45 796 739 14.4 -
HT80-2 19 0.11 0.26 0.91 0.014 0.008 0.23 0.04 0.80 0.048 0.355 0.01  0.53 849 807 15.1
SS41 9 0.16 0.05 0.61 0.012 0.017 0,03 0.02 0.02 Tr. 0.001 001  0.27 406 277 30.1
SMS50 9 0.16 0.41 1.31 0.029 0.016 0,06 0,02 0.03 0.003 0.005 0.01L  0.40 550 378 23.1
STKS55 9 0.12 0.25 1.3l 0.023 0.008 Tr. 0.01 0.01 Tr. 0.004 0.04  0.35 594 549 21.0
SM58 9 0.13 0.34 1.32 0.010 0.005 0.01 0.12 0.02 0.042 0.059 0.01  0.39 626 541 17.0
HT80 9 0.15 0.25 0.88 0.019 0.002 0.20 0.05 0.41 0.045 0.344 0.01  0.48 829 776 11.6
h; plate thickness, Ceq.=C+Si/24+Mn/6+Ni/40+Cr/5+Mo/4+V/14 P
Table 2. Welding conditions used for Sustained Load Test specimens. TN
Materials| Electrode Welding current | Welding voltage | Welding speed | Pre-heat temp. | Inter-pass temp. Heat input
V) (cm/min) C (J/cm)
SS41 D4301 > 30 (R.T.)
| sms0 D5016 >100
:"3 STK55 D5016 28/ pass 17/ pass > 80 18000/ pass
v
B | HTso-1 D8016 >100
HT80-2|  D8016 >100
180/ pass
SSa1 D4301 30 (R.T.) 40 A
« | SM50 D5016 100 40
% |'stxss | Dsois 25/ pass 25/pass 80 40 11000/ pass
& | HTso-1| D816 100 30 y
HT80-2 D8016 100 30
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Fig. 1. Dimensions of specimens used for
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Sustained Load Test.

C-A thermocouple
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Liquid Zinc
Zinc Pot
Furnace —] 4
A
Specimen Silica tube
| | §
| E ' «—Lood Cell ;
Amplfier ; A
Fig. 2. Schematic view of Sustained Load A
Test apparatus. ‘
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Table 3. Results of Y-Groove Cracking Test.

(a)
. . Cracking
Condition Materials Pre and post | HVmax. percentage
No. (Thickness) | heat treatment | (9.8N) %) 8
1 Pre-heat 80°C 185 0
2 ” 75°C 193 0
Room temp.
3 SS41 30°C Forced 193 0
(19 mm) air cooling
Cooling by Cu
4 backing 207 0
5 Water cooling 246 0
6 Pre-heat 140°C 224 0
7 ” 130°C 250 0
SM50
8 (19 mm) n 70C 263 0
9 n  55C 332 50
10 Pre-heat 150°C 234 0
11 " 110°C 257 0
STKS5
12 (18 mm) n  80°C 251 0
13 n  33C 299 0
14 R Pre-heat 350°C 307 0
15 7 200C 313 100
HT80-1
16 (19 mm) ” 150°C 330 50
17 ” 100°C 335 0
18 Pre-heat 350°C 264 0
19 ” 230°C 269 14
HT80-2
20 (19 mm) ” 170°C 297 0
21 7 140C 321 67
22 ” 85°C 338 93

2-3 AMENPERHESIERR

Table 213, FEMABRHERCHGCEESRELR
Lfe. BB4MT 2 44 (Welds-1, Welds-2) & L7:.
RE R BRI, Fig. 1 ©wRdX 5 PTHE 6mm
DIEFRRRA & L, BEMFOREHRE XD ERI
L. RHRBRAZ, BERRRK L FEEOTE - BIR
&Lt

Fig. 2 13, ERERBREITOLRBREBEL R L.
FEHERRIL, »vFLvi—x47OEBYRHV, AR
BB D AT 7 SRS A S N TR IBYR W X b Hign %
wRLx 2. RBREER, 430°C, 450°C, 470°C kL,
EDEECE LLBENCES ¥ CRHEB R & L
7o, mBARRMT Fig. 3 W RTIS5CHREREE T
130F 200s & Lic. EREEL G, RBARCRLTE
M>dOEXOFNE (RIE-BE—->75» 7 2 0HE) %
Lic., %7, BERORBR R Ly, XFEHEC
X DR - AEREEE (SEM) @ X b BHEBERTT

7z,

(b)

Condition Materials Pre and post | HVmax. Cracking
No. (Thickness)| heat treatment | (9.8N) pe)ict}:r;mge
1 Pre-heat 50°C 165 0
Room temp.
2 30°C 171 0
S$S41 Room temp.
3 (9mm) 30°C Forced 171 0
air cooling
Room temp.
4 30°C Water 185 0
cooling
5 Pre-heat 110°C 220 0
6 n - 200°C 251 0
Room temp.
7 SM50 30°C Forced 263 0
(9 mm) air cooling
Cooling by Cu .
8 backing 280 0
9 Water cooling 309 5

Room temp.
10 30°C Forced 219 0

air cooling

11 Pre-heat 50°C 221 0
STK55
12 (9 mm) 7 70C 239 0
Cooling by Cu
13 backing 254 0
14 Water cooling 261 0
15 Pre-heat 60°C 239 0
Cooling by Cu
16 backing 243 0
SMS58
(9mm) Room temp.
17 30°C Forced 251 0
air cooling
18 Water cooling 251 0
19 Pre-heat 340°C 298 0
20 n  230C 313 4
HT80
21 (9mm) ” 160°C 330 27
22 n  130C 341 100
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Table 3 ® (a) & (b) i, MDYREREITS A
=19mm kXX A=9mm ORI BT 5 TE - EHH)
D HVpax, B XUCER KR T EDTRLE. =19
mm % X0 A=9mm ORI\ TSR T HRIER
ABALEIR D T4 Licoix, SM 50, HT 80 A TH
Dy HV ax. >300 ik CEIME AW EHE 2R L.
Photo. 1 1% HT 80-1 (h=19mm) OERE » R
L7z, &R, FPo ik Ao— beFEEL HAZ B
B A ER T2 W ASE < Hofc. Photo. 1 iR L %
(a) or—rEoER2 (b) ThHH, TOMAO I %
(¢) &, FrEgEgy (d) WRLi, ZTD X351
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Fig. 3. Heating curves during Sustained Load
Test in molten.

Material HTBO-1 |-
Plate thickness. ;19mm
Pre-heat temp,;200°C

Cracking 1100 %
percentage

Photo. 1. Crack path of HT80-1 of Y-Groove
Cracking Test.
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Wi, FOEMEEE T Fe-Zn 0&BREILAYOTE
BT D b, IbIL, By EDX kb #ETs

<.
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@, A B; Experimental data
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Fig. 4. Schematic illustration of the relation
between fracture stress and fracture time in
molten zinc.
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HDETH.

Table 4 13 Fig. 4 1k Lo AHiniE 77 & SEmras o g
BRREBTH Gradient; A & 6F; 10008 BT XTOHER
MW THRIE L D THS. ok, S (FEHC
DWTiE HVmax) B X O ANE (BERILHAZM
RIROSEHIHA — A5 574 P RER) 2L LTRT.

Photo. 2 1= HT 80-1, SM 50, SS 41 » Welds-2
TO SEM & X5 HEBERR LT, Photo. 2 13,
WIEh oM s T R A EERRL, (a) HT
80-1, (b) SM 50 xHIRE/cIHA — AT >4 FRRTD
WHEERL TS, Co/RIZ, 3.1 ofld YREBRER
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Table 4. Results of Sustained Load Test and
metallugical characteristics of each specimen.

Grad- Vicke Grain
ient A ar; 1000s r's har size
Materials dness
MPa 430°C | 450°C | 470°C | HV d | d-»
decade pm |mm-1/2
Ss41 33.3 272 | 243 | 216 146 21 | 6.90
S {SM50 33.3 353 | 333 | 308 188 19 [ 7.25
@Q
ESTKSS 41.2 385 | 362 | 334 200 21 | 6.90
& |HT80-1 49.1 574 | 540 | 520 268 31 | 5.68
HT80-2 39.2 623 | 584 | 547 283 28 | 5. 98
SS41 43.2 256 | 230 | 199 158 25 | 6.32
_, |sMs0 31.4 355 | 324 | 286 190 31 |5.68
)
3 |STK55 34.3 344 | 310 | 272 200 40 [5.00
L
% IHT80-1 | 36.3 | 518 | 48 | 475 | 254 | 55|4.26
HT80-2 28. 4 525 | 506 | 470 274 63 |3.98
SS41 25.5 271 | 283 | 225 212 78 | 3.58
« |SMs0 36.3 342 | 315 | 202 267 | 110 |3.02
)
< [STK55 42,2 368 | 345 | 322 283 | 130 |2.77
Y
-2 |HT80-1 176.6 414 | 374 | 336 325 | 142 [2.65
HT80-2 | 215.8 456 | 414 | 381 344 | 168 | 2. 48
(a)
100} ¢
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Fig. 5. Effect of hardness on cracking percentage
of Y-Groove Cracking Test.

DB xR, Fig. 5 (a) 1%, A=19mm OREK OH
ETHY, EhTE, BEXH HV 270~300 ofCcir k-
My, 320 ¥z %L 100% CTHot. F fo, HIH
HV 270 R CLliBRESRRLEh o BEZRD bhis

(a) Material : HT80-1; Welds-2, Test temp. : 430°C,
Applied stress : 477 MPa, Fracture time : 476 s

(b) Material : SM50; Welds-2, Test temp. : 450°C,
Applied stress : 317 MPa, Fracture time : 957 s

(c¢) Material : SS41; Welds-2, Test temp. : 470°C,
Applied stress : 228 MPa, Fracture time : 289 s

Photo. 2. Fractograghs of Sustained Load Test
specimens.

psotz. Fig. 5 (b) 13, h=9mm ORBHOBEZ R
L, fEEE, h=19mm OFELARETH B2, EhE
i3, WX, HV 310 2z 5L 28 ERL, WX
HV 330 Ll kLT 100% ticof. WEEC X5EhE
DI EDD D HV pax THBWHE LSO, kF 0l
WED DBVICEBEELBRS.

T, WTh L X0V Eh R AZBC ER
THZ LR, EELIUKAR L X 5, BRIES
LS BRI I X WV BT 51D ThHD &
Zzbhns.

Fig. 6 {3, BAHEHRIEINRZED 72— &% —
L LT, BRSSO EMERRT O £ #t Ao 450
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Liquid zinc embrittlement fracture ratio-
(OF /Ov8:R.T )

Test temp; 450°C
Fracture time; I000s

T ] L l

o 200 300
Vicker’s hardness : HV, HVmax.

Fig. 6. Effect of hardness on liquid zinc
embrittlement fracture ratio.

°C, 1000s TD or(or; 450°C,1000s) % IO R OB
RIGT) (oyBsrT) THUIAME (or/oypsrr; Wefblh &
T) EBXOBEER R L. ML X oMt R
WHBIR B D, BEIBHINT 5 0 TR L SR
AT 5. Zhuk, WEESIE LRSS, X
DI X VAT HZEERRLTE D, & YRBRO
FRE VW RRT. Fig. 6 OB, EREO
RO I D BLRILDTHD, KRD L 51cET
EMNTEI.
aﬁfhkm==ap/ayB;RT=4.12—4.64x10—343V
= (1)
42 FEENR *Twmﬁuﬁkﬁﬁéﬁﬁfﬁ?w
et
Fig. 7 1z, BRI BEARIC X 2 £ D 7 ri50°C, 1000s
EEIOBFRER L D THS. Fig. 7 b o LH13
BRMD orusecc, 10008 EEIDOBURATRL, X\WELE
BB 5.
0 F3Base, 450°C, 1000s= — 133+ 2.5 - HV «ceoveveeena (2)
—7j, Table 4 iR UMK X Welds-1 o
opstoo0s &R X DBYREHEST% L, HT 80-1,2 Tk
Welds-1 @ HAZ 28kt (HT 80-1 -cixfdéhiz HV
268 7% Welds-1 cix HV 254, HT 80-2 Cl3fiHn
HV 283 ¢ Welds-1 3 HV 274) L5, %7,
STK 55 3 i Z8{biz7n <, SM 50, SS 41 -CiXfE
{t. (SM 50 CixfF#t HV 188 2% Welds-1 -c HV190,
SS 41 w24 HV 146 7% Welds-1 = HV 158) L
Tusfz, L L, Welds-1 DL Fh o gistbic i T d
o F;1000s IR U CTIET LT e, 2 hit, BEST
FRER R O VSRR SA T C D WEETIC T 238 X D A e B3
RNEOEEBLZTHIDTHD EELBRS. ERAE
SRR COMOWER R RIFTHE D\ T
12, RESWHIAERBESFERY AV HELToT

b

_. 700
Eoo : |
= - refs avF
=] [ Or. pase=~133+25Hy
[2]

4 =
g4
“ 3001
g i Base lwelds-1|welds-2
G 2001 541 | O | © | ®
8 s sMo | A | & | a
W jool  Test temp.; 450°C a‘{_ggi g g :

; IFrc:crure 1|me‘; 1000s HT802| ¥ v v
0 200 300

Vicker’s hardness : HV, Hvmax.

Fig. 7. Relation between fracture stress at
450°C, 1000s and hardness.
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M s\ T RSB (L Eh O BZME i HA — 2 5
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SRBABEC R W CRE GRS B OW 4SS BT o mk
B, B BOMNRCEETAD Z bR
Tw5. FIRORHESDOMETIE, ZOHDOWTIEH
DB INT . 22T, ARRCE LT, £
%%¥®ﬁmﬁ&&Eﬂﬁ%*f®ﬁﬁfﬁ®%ﬁ%&
R A R o
LT AHT, AR THGIEETRBRL, £
BHMTFTH 57 Table 4 ©RLELISCER - &
AR AHERAM T X v E B LT3,
£ ZC, A#tgecix, Fig. 7 wkiFs Welds-1,
Welds-2 D £ EAM O S 2 L 0B 2 EE L, £
WiE)l  (oFiBase) & opweds & DE (o ki,
HT 80-2 & Welds-1 Tit, afit orWeds &D
#, Welds-2 TiX, bl opweds EDXE) % dop
35 &, Fig. 7 ks M B o o Wsh
(0 F;Welds, 450°C,1000s) 1L (3) XD X s5wrFKI o LT
5.
G F;Welds, 450°C, 1 000s = 6 F;Base, 450°C,1000s— 4 o
= (3)
Fig. 8 1%, dor L& RO TFHIBOMIB (d-1/2) &
DOBRER LIS DTHS. dor & d-1V2 DREICIZE
WHBZE LR (4)RTERTZENTES.
401:=1-59'(7-0—d‘1/2)7/2 (4.)
7, (2), (3), (4)KXXbp, 450°C, 1000s TD
opiwelds 1X(O)RD X S5 EKFTENTES,
0 F;Welds, 450°C, 1000s= (— 133 +-2.5-HV)
_1_59.(7_0_a'—1/z)1/2 (5)
Dbk X 57 X b, R C OB D
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400
m elds-1|Welds-2
i ssal | O © ®
sMso | A A A
STkss| o ) (]
HTBO-1| © © *
300 Hso2l v | v | w

200} A0E =159(70-d"2)"2

Test temp. ; 450°C

1001 Fracture time; I000s

Reduction value of fracture SN’&SS!AOF(MPG)

v -172
)

Grain size:d™’° (mm
Fig. 8. Relation between reduction value in
fracture stress (4dor) and square root of grain

size (d-1/2).

Bt |weids-t [weids-2
ss4l O © [ J
SM50 A A A
2001 Istkss | O L 1] B
wreo-i| O | © 4
HT80-2 v v

A=-802.2.99-HV

Gradient. A (MPa/decade)

Vicker's hardness.HV,HVmax.
Fig. 9. Effect of hardness on Gradient, A.

WRIG TN, BEROB I - HakRc X v B8yt
EEZbBRS. Lal, Fig. 4 RRL- X 5 s
WABRA DR R 4 7T OBIEA TR T &0 b, Bl
IS DAET ~ DR FECHEEYRIETHEFIZOWT
LR TALENRSD LEZ LIS,

Fig. 9 W AHinps J7- B iR o0 BR{RC s 1) % BT T
DIE TR T 5 HEIKFE 370D Gradient ; A LTF
XOBFR%ERT. Fig. 8 1w\ T, Gradient; A |3,
HV=280 wk\~Tix, 3&ALEICEKERT Gra-
dient ; A=35.2 (MPa/decade) TH%7A, HV>280
LB LW HEM L Gradient ; A-HV D BI{RIL,

A=—-802+2.99.HV &4 LATE D, DX 5
Z, Gradient ; A L IXDOBGOHEH L b, HEHILHO
ETORB~DERFELF X L h BEELZTH LN
Boht.

5. % %
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(2) ADYMBEEEHNRROWE W ES X OEH
Hy RABC X5 Lboatc X v SB35 o il
BB RS, B L v 8L LA
Bttt

(3) EMBEIEABRSERC I, HHOBEEER
Wik L O OB, BRESH T CIRE - Bk
FToEs R L.

(4) ERIESIERBIC ST % BIEEH T T OHEIE
TNE, RMBEBRRBRCR\C, HAZ o X, #&K
BOMEYZTS.
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