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Abstract

This study is concerned with a correlation of microstructure and local brittle zone (LBZ) in
offshore structural steel welds. The influence of the LBZ on fracture toughness was investigated by
means of simulated heat-affected zone (HAZ) tests as well as welded joint tests. Micromechanical
processes involved in void and cleavage microcrack formation were also identified using notched
round tensile tests and subsequent SEM observations. The LBZ in the HAZ of a multipass welded
joint is the intercritically reheated coarse grained HAZ, which is influenced by metallurgical factors
such as effective grain size, the major matrix structure and the amount of high-carbon martensite
-austenite (M-A) constituents. The experimental results indicate that Charpy energy was found to
scale monotonically with the amount of M-A constituents, confirming that the M-A constituent is
the major microstructural factor controlling the HAZ toughness. In addition, voids and microcracks
are observed to initiate at M-A constituents by the shear cracking process. Thus, the M-A
constituent played an important role in initiating the voids and microcracks, and consequently
caused brittle fracture.
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Table 1 Chemical Composition of POSCO BS 4360

Steel (Wt. Pct.)

C |Si|Mn| P |S |Al|Cu|Ni|Ti|Nb|Ceq
.137.40(1.43|.019{. 001/, 065|. 30 {.22|. 017, 021]0. 41
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H7hstol 8
P3hict, &4
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71 Asled K-dAo 2 st3eteicH(Fig. 1).
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HAZ SIMULATION
SPECIMENS
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Fig. 1 Orientations of the various test specimens
used

AL 3 Ao oA 4AL Instron <A
A8 7] Model 1127¢ AH&3lod 29 3kE 10ton
0.5mm/min, XA 7{g] 2, 54cm,
2tE £% 10mm/ming =74 AR}, FB
A }s, sAHYE So=

3

crosshead4- =

p g
7OLJ_’

|
- 120 |

1 6252

R=3 I a2 15

Fig. 2 The shape and dimensions of the notched
round tensile specimen (unit : mm)
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Table 2 Specimen preparation method for the
observation of the M-A constituent

Process Reagent Remark

Electrolytic CH;COOH 320mi

Polishing CrO, 60 g! ca 2 min
H,0 17 ml
\First Stage
EDTA 5¢ 4V
NaF 0.5g| ca 4 sec

Electrolytic H,0 100m!

Etching Second Stage
NaOH 25 g 6V
Picric acid* 5 g| ca 30 sec
IH,0 100m!

*may be excluded.
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Photo. 1 Macroscopic cross sectional view of the.
welded joint
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Photo. 2 Microstructures of the simulated coarse grained HAZ (Tp'=13507C)
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Table 3 Grain sizes of the welded heat affected zone (HAZ ) and the simulated HAZ

Actual Welded HAZ

Simulated HAZ

Distance from Prior Austenite Ferrite Peak Prior Austenite Ferrite
Fusion Line Grain Size Grain Size Temp, Grain Size Grain Size
(mm) (zzm) (1em) (C) (zm) (#m)
1 43 - 1350 49 -
3 - 8.5 1200 41 -
5 - 8.8 1000 - 8.7
= - 9.1 900 - 8.1
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Photo. 3 Transmission electron micrographs at (a)-
(b) Imm, (c) 3mm, and (d) 5mm from the

fusion line. Note the presence of titanium
carbonitride particles in (b), revealed by

the EDAX analysis in (e)

Photo. 4 Scanning electron micrograph in the
simulated ICRCG HAZ prepared by the 2-
stage electrolytic etching technique'? to
observe M-A constituent

=2 image analyzer% Abgsle] M-Az# 9 o
4 Z A3l Table 4ol ebH AL, 13} AL
=7} goldlol we} M-Azze] ok HiA F7}
ok, 12 A% E 1,350CE nAsw 23 =)
7td &5 (Tp) & ¥W3e 7%+ Tp*rt 1,200C
2.8 dolxlel wa M-A9 Fx  Frasied
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Photo. 5 Transmission electron micrographs of the simulated ICRCG HAZ,

41

showing the
twinnings within M-A constituents as indicated by arrows. (a) TEM image and
{b) a higher magnification image of M-A constituents in (a)

Table 4 Relationship between the volume fraction of M-A constituents and the simulated thermal cycle

Tp'=1,350C, At=42 Tp?=800C, At=42 Tp'=1,350°C, Tp*=800C
Tp? Mf Tp! M{ At Mi{
- 7.4 1, 350 10. 4 20 8.0
1, 200 8.2 1,200 7.5 42 10.4
1, 000 <0.2 1, 100 0.5 60 9.4
800 10.4 1, 000 <0.2
Tp! : First Peak Temperature(C)
Tp? : Second Peak Temperature('C)
At : Cooling Rate from 800°C to 500°C (sec)
Mf : Volume Fraction of M-A constituents(%)
1,000C Ll =M-Az 2 o] 78 WAAsix ehort, .5
800ColA =4 2 Fbgch £4YYY, =
b e ol ool @ Lol ovo e { O~ BASE METAL !
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:‘ o1 /] g o 2 BA L A e} “}- A E
o olEl@ M-AzAe st FaUAe o = ] i
oz Aol s34 AMste Ty goles  Srs- -
deiA 3 glomzso thgel A sAA® O - s
Asskel BAE AAGA 2T D2t ek, 210 "
=S i
o
© 0.5 =
E -
3.2, ma M3
0.0 T

Fig. 3¢ A9 3ol
g3y eo CTODZ#S
2 Adess) &

KRS AE, BT4H2W, 19894 64

-100

~ —60  —40 -20
TEST TEMPERATURE (°C)

Fig. 3 CTOD value of base metal and heat affected
zones vs. test temperature.
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Fig. 4 Charpy impact energy of base metal and heat

affected zones vs. test temperature
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a) Unaltered coarse
grained {(UACG) HAZ

b} Supercritically reheated
coarse grained (SCRCGIHAZ

¢) Intercritically reheated
coarse grained (ICRCGIHAZ

d) Subcritically reheated
coarse grained (SRCG)HAZ

Fig. 5 Schematic diagram of HAZ in multi-pass
weld
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Fig. 6 Influence of cooling rate and second peak
temperature on Charpy impact energy,

showing two local brittle zones, ie., UACG
HAZ and ICRCG HAZ
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Fig.7 Charpy impact energy vs. test temperature for
the UACG HAZ and the ICRCG HAZ
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Fig. 8 Charpy impact energy vs. first peak temperat-
ure (Tp'). Parentheses indicate the volume
fraction of M-A constituents in the Charpy
specimens subjected to the double thermal
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Fig. 9 Ultimate tensile strength and yield strength
vs. test temperature for the simulated ICRCG
HAZ and base metal
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Photo. 6 Scanning electron fractographs of notched
round tensile specimens fractured at the
condition of (a) -10C ; Tp'=1350C (b) -
60°C ; Tp'=1350"C, and (¢) -60C; Tp'=
1000°C

Photo. 7 Scanning
simulated ICRCG HAZ, showing a
cleavage fracture initiation point at the M
-A constituent inside secondary cracks

YA - ARG - o FA - o4 - o] 5

(b) & -60ClA sigtd Aoz WAgze A
Hel HAsdg Hol F3 gk o] A% wAg
(cleavage facet) o] 27| 493 2A ez
slem, w9 orientationo] 4% oh& =%
oA} Fdol Halslz] Hste] AN river
patterne] Fol YH=lw gltd whdel Photo. 6
(0= 13 Axg=s 1,000C, AFLE -60CY
x7oz g A2 WoAgde 37 o
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Phote. 8 Scanning electron micrographs of notched round tensile specimens sectioned paralle
to the tensile axis, showing the microstruc ture beneath the fracture surfaces of the
simulated ICRCG HAZ fractured at (a)-(b -10°C and (c)-(d) -80°C. Tensile axis is

vertical for the micrographs

Zol HPaA Axrd 3 ok etching®t vl
8(a)+ -10°ColAl =}
Az wge)e) M-Azzlo] ol Aubdf

Aoz e B
& void7h A E 1 glend, o & Wyge e
o] voidE-& Axtsae] whsk F <labebdbel of
a5apgro . Az dAds{e] fdel Aspd

(Photo. 8(b))., r&{v} utcldefe] M-Az= o]
olabZol Hastal ok HAe M-Az |4
= voidi 7lel WA= A ek -80Col4 ek
51914 wj& Photo. 8(c)9} %ol wighs] nlAldk
voidSo] #&sv, A@dex -10Ce A9 =@

3 2
2] o] 2 Wy& ol voide W A#ehA E3t
i ool Al FdS o] FA #Hel, o] nlAld FHL
Photo.’8(d) ¢k zro] A=xl-3-ade wpskoa 2AA
o7 29 zigzagdel2 AajElch olst Fo] M
AzAe ulm 4] void EE FAaEAe FYal

e},

KA EES, B 742, 19894 68

4, B Y DF

ngdze] 4% §4 dAUTIA FHANY
Aol sl o FRAAIL YGHAH
oA gonyE Aol 2y Adduye
v Ae o 4 dn A4Y 2% 99gr:
S2eAel A% $58Hel 9@ doycles) 3%
o2 Arldesel we sldzzel WAssinz
webrl 7t mldzdE $elso] sAsted ddeycle

AR Aol Weal el doycle ABAY F
A A ARz doiaryel el F
4 AA5e we d4S AL FHHB

24toddo g A7t E ICRCG HAZ
el ok, ol @ HAAFE AH 27,
alAzHEY 2EE @

%, M-Az% 5
czM 499 F ek
SRR

o

o
1L

R
+
2

[T A

]
-l

27]% effective grain sizeZ 1.3

a2
2 Ho oo o rlo > 2 g L olu o

n

gk}, o] effective grain sizet ferrite-



46

B

7§ 7ke]  misorientation®]
ateloll  olFlel AAH 4 glod], giEF o
effective grain size &= prior austenite grain size
7b Hodn oteld 9lep® Photo. 6(b) 2} Photo,
6(c)= ZAAY 277 A2 g2 z2xE9 wis)
FAHeg WAWES 277} prior austenite
grain size$t u|d W ol gl AL ¥of
Tt =& upper bainite, martensite, lower
bainite, ferrite, pearlite $< =2 o] BasiA &
He AAY =g ded ek
pearlitezzZ ol 49}  wlslx] 2 effective grain
sizet- prior austenite grain size’} Hcj:s AL
o4+ lch,

Acycle q effective
grain size?t £ AA S 72 £ Qo 2 o=
Fig. 83} o] 13} Hu2xs Z7bslel effective
ube} A4

Jol
oAz ol g

pearlite7}¢] 7%
2

rir ol

ferrite-

AEAHY EAg AL

= Zhadc}, 131% 4 A&

AL Hr: 7}19—1 422 upper bainite,
428, M-AzA So] 251 97 w&o] =
ZAqldel zhre sdale] zohil effective grain
sizentel Fojeta Wy sl =3 zoig
AR dddiolMe A Zosh AR

=1

N =

o o i
>

dohe Ahos e
ul

cycle?) 1z #Hyex
ste] M-AzA 9] ofo] Y& 42 229 4zko] 7
A£H = “H'?” F23% A)E B

Photo. 40ll4] Mo FFo] Fg
Al % bainitic ferriterlo]o A 3 4 )],
o] &3 A =lwl M-AZ o4 3 o)
voidE MA A7z, o] voidgel H&

AAdats] == Wolgld g Qo o
ol AAe mlMdstnAe HFgste] Bd
voide F2 M-AzA4 Y= gle] 7%
Z 9l upper bainites} A& 258 sl & 9
3z olew, g3 9 LBZdl ~

o,
<
o=
b o
3
flo

R oo ooy
Wl ofN Hr oX
L oo o
2 2 &

,,
s

ot By

SEE

2

WA . A . o)A - o)A} - o] TR

L)

10

g
A)

g

CHARPY ENERGY AT —10°C (J)

o] s -1 T ™ l T T I L T Y 29
VOL FRACTION OF M—A (%)
Fig. 11 Relationship between the volume fraction of

M-A constituents and Charpy impact energy

T4 PlAzA48a Qe M-AzxAolg

< 4+ Uk =7 Ao sid" o M- A
Aol THATH AL slod Aol mjAZH
TEE AL, o Fdo] ojaFyd wt 7
Aol AAMAQ ATE ofr|Fte ey HAuiwrt
&olsiAl WA=l old o]AFAL Photo. 8
3 o] wtofF el M-AxzFo] qabzil ok
FYPg A AAFH 405032 Aupsy,
H g M-Az ol o) Aol 429 A9 )4
Fedol Aol wAaA ek olelw dele
A2 Miller2t Sm1th”’0ﬂ osf  Adws
“shear cracking process”2 Alm ¥ 4 glon],
Fig. 1201 M-A=x+#¢| 42 shear cracking mach-
anism-g e S Aldo] QA3 L wron

Z7) void7k M-Azao] A7|e] o]

bainitic matrix2] A=} (shear)$ A7z, A

ghol 283 2w M2 odAdso] Aciulsto n

AidtBE Aot wWosiae 3o

oldlfede] HolFAR 2ar] AupE 498

olch, o] wels FAMu}upgre Ariabar = of
1

Z+ o
&l

5700 B 4 & oleh weld, of 3y
A1 Fe M-AzA e o] sty g A s #
Aol As}E RolalA oz M-AzxZL uo]
Hhotn ol AAY 2% AGRTel A
s Asl Zdaszete A4S 48 Fo, 2
2122 Charpy®44d 5 stx Ao 74
Heig LBZ9 el F2 M-Az# 9 o golz}
i ARAS F

ek,
K

Journal of KWS, Vol. 7, No. 2, Jun., 1989



Hoprzg AAe) TRl B AT
) \
microvoid ~ shear
Tensile ﬂ
ﬂ oxis \f~ ﬂ
L,
%\-A consmm

Fig. 12 Schematic description of shear cracking
process of M-A constituents

/-

:‘E

/c:C:J/**/

ol Az

FTzg Al AT
st ql *4% A 7l TaE A M-AZ
ofef, ojeld M-Az=e 44& AHasgd +
= %%;‘17&% A stelol #E ¥ T, o
AR T Asbe SALALT Akl

3 » SAHEA A A

2
ol
-

of shotel 2ol el %
. 2{v} CharpyZ Ay
il e CPECLE
Asted 1 zkel Wb 4T U o}
UARS st 7]2s F3 9
wj Fof Zhao] o3t J}ﬂl"l“«l el
7be} olel we LBZelAel #Hshslale
T Q. weba otz FdAgel
oAtz AFAAALT ol To A FAALA N}
olansta, sl ARER wldlzA el 3
Aol AgAH hAde o o) dFstedof o
A 2 Yk,

)

Y
— 0‘1)1’ 0_:; H_
X ‘m S oy 17
-{n 2 o fo

o o
p

N

“

5 & =

AF-g-3hod

o 2

b3 A¥ Az A zdish
glAlo] Yo} ZHAol HFH

=
Aol oo, 48H2AE doycler HHs

TREISREaE, $T752%, 19894 68

47

e Afol® oAl 4L AgH el shajol 4
M%% A8 s

2 wlAZAE 248 A3 MAZHe ool
Zohbel web FAUA L astaleh web
M-AzAe 84 Aqgie FAQLe] 3 P2
Rl b Fed ldelel, oleld M-AZA
of 44T Hast g £ b YA o 2

v,

—

)

2)

7

8)

10)
11)

12)

13)

K. Satoh and M. Toyoda, Proc. of the 7th Int
Conf. on Offshore Mechahics and Arctic
Engineering, Houston, Texas, (1988), pp. 495
R. Denys and H. I. McHenry, ibid., pp. 379.
J. Y. Koo and A. Ozekcin, “Welding Metallur
gy of Structural Steels”, Ed., J. Y. Koo, Pub,
AIME, (1987), pp. 119.

D. P. Fairchird, ibid., pp. 303.

T. H\aze and S. Aihara, Proc. of the 7th Int
Conf. on Offshore Mechahics and Arctic
Engineering, Houston, Texas, (1988), pp. 515
K. Uchino and Y. Ohno, “Welding Metallurgy
of Stuctural Steels”, Ed., J. Y. Koo, Pub,
AIME, (1987), pp. 159
ABA, AW, F54,
2 oqlgel wlAE 83 FAAele 9
T, M ETiEd A B, (1987).
A. S. Tetelman, A. J. McEvily, Jr., “Fracture
of Structural Materials”, John Wiley and
Sons, (1967).

ERugEy §

23

Q

s

TET, A, g ztel SR ite
AT, Meal MBRZE MEXR, A,
(1988), pp. 35.

falE, FH, “BURABHM AR, 114,

S. Lee, Scripta Metallurgica, Vol. 22, (1988)
pp. 59.

FH, A,
(1981), pp. 19.
R, KE, FH, BES®H, Vol 3, Na

BEREE, Vol 50, No. )



48

4, (1985), pp. 766.

14) S. Lee, B. C. Kim, and D. Y. Lee, “Fracture
Mechanism in Coarse Grained HAZ of HSLA
Steel Weld”, submitted to Scripta Metallurgic
a, (1989)

15) H. Couque, R. J. Asaro, J. Duffy and S. Lee
Metall. Trans. A, Vol. 19A (1988), pp. 2179.

16) ®H, WK, HH, BEREE, Vol 43

A - A - o] FA - oY o] T
(1974), pp. 1047.

17) L. E. Miller and G. C. Smith, J. Iron Steel Inst,
Vol. 208, (1970), pp. 998.

18) S.H.Lee,D. Y. Leeand R. J. Asaro, “Correla-
tion of Microstructure and Tempered
Martensite Embrittlement in Two 4340 steel-
s”, Metall. Trans. A, in press, (1989).

I
AAAA 9l FA- e A 7
o gl Al 1} FCAW 7 3]
Flux Cored Wiree] <rA=AF )
Aol o ZA| Foll vl £Alo] glv FAEs AA
3 275, ofF AEe Hr, AsY AA, 7
o ofuk ol Algake] FAIAGe] gle] sAA A
Z7ke] AR mgte] AAE Wil &3]7} Fa
o] ol A 3¥ 249 AYT¥II|AA T
(KIMM) Aju]jAel Al &4 & maker, &3
g AgA 5 2% 5899 38A 3dEel 2
ARG 2Rl et FALIE AAFT U9
“FCA Wire #18 &4 32 Awt"o] e]of A

rir

A @ANEEY), TS A4 FE), 3
2 LA (NG2AFA, LA FLEHE=A)
Zo| 7+ 3 Atoll4le]l Flux Cored WireAt-g& Al =
o T Ao g BF ) L Fo FAHIUES

A-RER] A= gl

FALE o EEo| gle] Flux Cored Wired]
Hrtell o] A FadAEL AAA 4A (%
AJdA), 494, 2ZUWTAA, slag w4,
blow hole, worm hole, Wpit4 spatter ub g gk,
bead®|#, fume o] it}

B FAolM AHH AgFol] 45EH ol
CO, solid wireal #A$9+= ot=A  flux cored
wiret ®H¢ 7tobEg SHA 5ol e HY
AT Aae F4ks HAd4 A
A2 2 Al & makerd] bW Wl 7| Fo] A
2 4belglol whe} zZztel AFAAE Jfxlm AE
-4 337}041 gk geldel AEE Frdhed oy

I slddeh, olEs™ 25WTAAY Hrlol A
01 MAHAY, MAZE, root gap size, FE,
2AY A, $H27 59 A47 ded o

F7F Holzlelet gtz AES werlele
B2 TAHC] dx ma HrlrFe] gle] oS
of 2 g-o] wskel,

3 ATAde dFssRel 494 g2
g

3, =3}

AEel e A3 Fyeelel sheol A4
A5 4% Rolsln % Flux Cored Wireg]
B w sobrEe] IFEsE A Ay
ol w2 el £ ARE FEaA G
staich,

Journal of KWS, Vol. 7, No. 2, Jun., 1989




