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ABSTRACT A single welding thermal–cycles with different heat inputs (8, 16, 20, 25, 30 and
50 kJ/cm) were simulated by Gleeble 3800 to study the correlation of toughness, hardness and
microstructure in heat affect zone (HAZ) of the X100 pipeline steel with multi–phases and 0.10%Nb
(mass fraction). The microstructures of the CGHAZ in HAZ were characterized by means of OM,
SEM and EBSD, and mechanical properties were tested. The results show that for a low heat input of
less than 20 kJ/cm, the microstructure is lath bainite or acicular ferrite structure with high–density
of large–angle boundaries (≥15◦), which exhibits good Charpy impact toughness. However, for
a large heat input over 25 kJ/cm, the uniformity of prior austenite grains becomes worse, the
M/A constituents and the granular bainite (GB) are coarsening, and the amount of large–angle
boundaries decreases with the increase of heat input. The results of the instrumented Charpy impact
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test and the observation of fracture surfaces on the specimens indicate that the cracks are induced
near the coarse M/A constituents and the large–angle boundaries can remarkably restrict crack prop-
agations. Therefore, in order to ensure a strong match between the HAZ and the base metal, and
the resistance to hydrogen induced delayed damage because of high hardness of HAZ, the heat input
energy should be about between 15 and 20 kJ/cm.
KEY WORDS pipeline steel, heat affect zone(HAZ), heat input, toughness, deformation

resistance, microstructure
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$#�$!, #� �#$$! 6%"&%&'$#&
�%'%, &!% �"�&'(#$(##( [1]. X80
)##)$'$*%�+ ,$-)7Æ./ 01Æ
() [2], %#2#*%!*!"-+3,"&&&&Æ
4'./ 01ÆÆ+ [3−6]. -.")(##*, %*'
&8/0$1&9%Æ&&&,, ') Battelle ()#
Æ56*79%&&, X80 ##)Æ&&+/ 240 J &
+ [2], �8(:#*/�. !9, �6##)"&Æ!
%, (,,+/ X100 "&),, --9%&&$.)�
 Battelle ()#Æ2-; [1], X100 )#Æ:3*'&
).;/*.. � !%%"&##)Æ<0&�, 1'
%"%%&Æ2/+-+%*41.�&%/-53�,
+/6''%<00##), %(=,')7=,-.3
>,7(/>1?@, -+?0?@@!, +/%"%%&
&%1&Æ+2 [7,8]. %7, ?0?@ X100 <00##
)$�%-819Æ+, 43 %*41.� (≥8%), (
2"4 (≤0.8) Æ(= [8]. !9, %"&##))564
3:-Æ#;&�2, %A5&�6#�A###$3#
Æ47; 7=,-. X80 %"&##)ÆA5Æ+8B
7., 4 5/,<34<36 (HAZ) &&Æ47-+
87 [5,9], 4C?@25)89 800 :"9/ 500::9
(t8/5) B5<301?@Æ,6, &#01?@7&:&
;<Æ0&, 0=#23D01Æ<3*17E!AA5
-+./;<. D.8�'Æ?0219 X100 ##),
?@, X807=,-.04'; 13, :F/ (CE)#
A5%;3GC7 (Pcm) =><<%, Æ+4 5/,%
HAZ ?@?9Æ4', &#?@,%"&&Æ13, D.
%-+-8()6>>$/.

(=&-8;=Æ219 X100 ##)5�Æ+D
>, D45 HAZ Æ4C5&# Charpy >?&&@? 
A-, 7EH;)4B (OM)%=6IB (SEM)%ID
?>?@? (EBSD) 3@J25 45 HAZ ÆC@?
@, AB 45 HAZ Æ>?&&#A3/53,4 5Æ
4'.

1 EFGH
X100 ##)5#2 (I/27, %) �: C 0.07, Mn

1.95, Si 0.25, Nb 0.08, Ti 0.015, Cr+Ni+Mo 0.75, Fe
A/, B( C % Mn % Nb #2.', ")?0?@@!

B7#-+!A [7] *A# 14.7 mm $)5. A544
5-9C8@A� 10 mm×10 mm×80 mm, 445-
9' Gleeble3800+@?, () Rykalin=4 D5KC
($5A5) *C HAZ /& – :9)# [10], 45B$C
A54DE, 9*/4D� 130 :/s, L;/& 1300 :,
4 5/ 8, 16, 20, 25, 30& 50 kJ/cm, %E87D7 1
<8. V 6E��'4I:=A5DFE$&5 /-,
Charpy>?-9/&FG –20 :, G)HH3 450–J >
?19F (IMP450J Dynatup, Instron), -/ Charpy
>?FIM (Kv2), EG;8F)#. ") Vickers 5&
H (HV112, Mitutoyo) A-45 HAZ Æ5&, 5&A
-E4I:<G=N 0.5 mm @?, /IJ/ 10 kg, /
I:9 5 s. ") 3% GHHC%EH&>IH + 7?I
&JJKJ# Lepera IL=0KJDA54451C@
?MN, ' ZEISS Axio Imager.A1m +@?=0?@%
BOJP.;@#AP./JP. (M/A) ?KCK, E"
) Image–Tool AKDBOJP.;@@?J*. >?"
�CK# EBSD -9' Quanta 3D FEG 6 SEM +@

?, EBDS 25L!� 0.20 µm, -97,") HKL K
Q CHANNEL–5 AKM@?D7.

LÆBL"901-9' Gleeble3800 44519
F+@?, 15RK@? 1200 :OK 1 h ÆNM, !Æ
/-#B%� 6 mm, !� 85 mm 4451C, 1C&
10 :/s /4/ 950 :O/ 10 min, !Æ& LÆ"9
D�"9, E-7% B%Æ13, 7E=07.01?
@,6, EN.BL"901)#.

K 1 14.7 mm O X100 PPQQRPSCDSM
Table 1 Simulated parameters in single thermo–cycles for

X100 steel with thickness of 14.7 mm

E Preheating tH, s t8/5 t5/3

kJ/cm temperature Above 900 R Above 1100 R s s

8 80 R 5.9 3.5 4.8 19.3

16 – 8.0 4.4 12.6 37.0

20 – 10.3 5.3 19.6 56.8

25 – 14.1 7.3 30.6 90.0

30 – 17.8 8.8 44.1 129.5

50 – 43.2 20.0 122.6 358.0

Note: E—heat input, tH—holding time at high temper-

ature, t8/5—cooling time from 800 R to 500 R,

t5/3—cooling time from 500 R to 300 R
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2 EFMN
)5Æ4C?@DR 1 <8, 1T?@-7=,-

.%STP.# M/A 37(/>1?@?#. 1CÆ<
0#;&�D7 2, 3 <8, )8U%O *7+.-X
Æ219&� ((2"4%%*41.�#%Æ(#4).
–80 :Æ(/>?M&. 200 J, DWTT(Drop–weight
tear test) -9 85% VW?W (SA) Æ>1/&+/
–50 :.
2.1 PQRSTUVW (CGHAZ) XYZ[\]

451C4<3U;6 –20 :SÆ9* Charpy >
?M,4 5/?9Æ4'DR 2 <8, )84<36Æ
>?&&,4 5?9VIT#613, 14 5 16 &
20 kJ/cm SÆ4<364>-XÆ&&, &&J9,J
W2(Q^; F4 5S'/ 8 kJ/cm :, >?&&>Q
7)&Æ'(, 9*>?M� 165 J; F4 5/!&/
25, 30 & 50 kJ/cm Æ, >?&&XK'(.

 L4 5UKSA5 CGHAZ Æ=0?@DR 3
<8, D.4 5/� 8 kJ/cm(R 3a), 01?@8/�
5UTP./AP.; 4 5/� 16—20 kJ/cm(R 3b,
c) :, 01?@8/�7=,-./TP.,-., R,?
@4>-XÆ&&; F4 5/� 25—30 kJ/cm(R 3d,
e) :, t8/5 & t5/3 :9.)!/, BL"9D�.)'
(, 01?@8/�@=TP., L:, M/A ?K.W2

_ 1 X100 	�
��	�� OM V

Fig.1 OM image of X100 base steel with utralfine ferrite,

acicular ferrite, bainite and M/A constuents

7.)+<, @A=�4 5�/Æ!/9!&. R

4 Y. ") LePera IL=0KJMN./Æ M/A
?KÆ9L, )84 5 ≤20 kJ/cm :, M/A ?
K.WZ/>(, @WVM>2X'TP.5U9 (T
R 4a—c); 94 5 ≥25 kJ/cm : (TR 4d—f),
M/A [Æ.W27#@A.)!&, FS.'BOJP
.;<+YZ, F4 5 ≥30 kJ/cm :, >&/@A
≥2 µm Æ M/A ?KY'.

A54 5[\G CGHAZ BOJP.;@!&&
U3, U&Æ;@D&&, 'Æ. R 5 Y. ")EH
&>IH + 7?I&JMN./Æ CGHAZ 6TBO
JP.;@@AJ*, )84 5/Æ!/ (8 kJ/cm→
50 kJ/cm) DBOJP.9*;@@A<3 &, 2,�
17.7, 17.6, 18.7, 20.5, 21.0 & 25.1 µm, R)!,%Z
/ Nb =;Æ"NKIXU`)>4 [9,11]; \F4 5
≥25 kJ/cm :, BOJP.;@Y'VZ!&XY, &.

K 3 X100 ]YPO[^\]ZZ
Table 3 Impact toughness of X100 pipeline steel plate

Testing temperature AKv2 Mean shear area of

R J DWTT, %

–20 257 100

–40 242 97

–60 247 70

–80 216 50

_ 2 Charpy �����
����
Fig.2 Average Charpy impact energies at –20R of the weld-

ing simulated samples under different heat inputs

K 2 X100 ]YPO[PWZQ
Table 2 Mechanical properties of X100 pipeline steel plate

Sampling Rt0.5 Rm UEL A Rt0.5/Rm Rt1.5/Rt0.5 Rt2.0/Rt1.0 Rt5.0/Rt1.0

Direction MPa MPa % %

Transverse 694 896 7.0 28 0.77 1.18 1.07 1.14

Longitudinal 688 879 7.5 34 0.78 1.15 1.07 1.14

Note: Rt0.5, Rt1.0, Rt1.5, Rt2.0, Rt5.0—strength with total strain 0.5%, 1.0%, 1.5%, 2.0% and 5.0% respectively;

Rm—tensile strength; UEL—uniform elongation; A—reduction of area
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_ 3 �����
��^[���[X CGHAZ � OM V

Fig.3 OM images of the simulated CGHAZ under heat inputs of 8 (a), 16 (b), 20 (c), 25 (d), 30

(e) and 50 (f) kJ/cm

_ 4 �����
��^[���[X CGHAZ 	Y M/A ���R��]
Fig.4 OM images show the M/A continuents of the simulated CGHAZ using lepera color erosion under

heat inputs of 8 (a), 16 (b), 20 (c), 25 (d), 30 (e) and 50 (f) kJ/cm, when heat input is equal to or

greater than 25 kJ/cm, M/A continuents start coarsening and distribute along the original austinite

boundary
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40 µm Æ;@7/�4 5!%9!?, Z\;@@A*
4&Æ_3.
2.2 CGHAZ \]ab EBSD cd

Æ+ [11−13] 7., &:;<�>"`a1%;S%
Æ5 , &:;<0&[%Æ?@=_�8>"`\A%

_ 5 ���
�	[]]^����_`\�
Fig.5 Statistical distributions of prior austenite grain size

in the samples welded under different heat inputs,

the coarsening of average grain size is not serious,but

the uniformity of prior austenite grains is worsened

with increasing heat input,grain with large size ap-

peared only in high heat input

;S%9!%&&. R 6 Y. A5 CGHAZ Æ?@
(^#;@^ 2X. 1T, ;@^ a: ≥15◦ Æ&
:;<0&-%/(0CD(Æ4 5� 20, 8, 25 &
50 kJ/cm; F4 5 ≥25 kJ/cm :,  `&:;<0&
(, [9#U&Æ M/A [ (aLb2�cAJP., bL
b2�AP.), F&b22X';<+, R, 2.1 c")
LePera IL=0KJMN<.Æ8B0Q^ (R 4). R
6 7[6^ a: ≥15◦ Æ62� 15—45◦ & >45◦, 2
,&ÆTL&_TL/&62, 8B)8/_8/b`Æ
,BOJP.;<, Æ_0,04Æ+`�,(: KS d
NW 01;.;4'ÆTP.%7=,-.5U (a) ?
9Æ^ a: [14].

2.3 RSTW (HAZ) X\][ef
A54<36ÆA3#53D.A55]Æ*'&

*><3 [15−17]. HAZ bE&A3, 'dcIc:1&
196Z7'A36T, Z\(#Z79';d"; UQ
5?, HAZ Æ%5&D.V`##, 'Æ, 6G.2e
^1efe3G&!&. D.(##*Æ �##, D+
fEAÆ/� %; 9(1#*Æ �#$, EAd,#
#a.ÆÆgEc, /�EA5]$^,%"WX (A5

_ 6 ���
�������X EBSD Kikuch g�_
Fig.6 Band contrast maps for the samples welded under heat inputs of 8 (a), 20 (b), 25 (c) and 50 kJ/cm (d) (red

regions are austnite, black regions are matensite, navy blue line indicating the boundaries of misorientation

≥45◦ and light blue line indicating the boundaries of misorientation between 15◦ and 45◦)
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5]"&%.JW). bh, 219 X100 ##)ÆA5
HAZ ÆA3#53�/@?25, RD.`Y'-)a
++Æ()64>Cecd.

0,JP.3/&Æ%(A54<362�U;4

<36 (CGHAZ)%@;4<36 (FGHAZ) & b'
J8;4<36 (IRHAZ), %A3hZe QC. R 7
Y. 6 Æ4 5-+S4<36Æ5&;13 (4I:
Æcg7� 0 =cg, <GVDi2X). 1T, !/4 
5/, HAZ Æh.5&6 "'(, [&!&; D.LQ
4 5/, HAZ Æ5&-4I: 2f,K<%Æ'(,

_ 7 ���
�[X��
	����]
Fig.7 Hardness of HAZ under different heat inputs (from

the thermocouple to two sides, there is coarse grain

heat affect zone, fine grains zone, incomplete recrys-

tallization zone and base steel)

iÆg<%/,JWQ^. F4 5/ ≤20 kJ/cm :,
CGHAZ # FGHAZ Æ5&* (.JW, j,' IR-
HAZ ,JWf<ÆW6T\, 5&i(.JW, ';W
fÆA3. F4 5/ ≥25 kJ/cm :, HAZ Æ5&*

(.JW, ';A3. R 8 Y. 4 5/� 8, 20 &
50 kJ/cm Æ FGHAZ & IRHAZ Æ4C?@. 1T, D
. FGHAZ Æ?@, 4 5/� 8 kJ/cm :Æ1C�T
P., 4 5/� 20 kJ/cm :Æ1C�@=TP., 4
 5/� 50 kJ/cm Æ1C�k?j9,-.#7=,
-.; IRHAZ *1TQd@WÆEBJP.;<2XÆ
a]=?@ (J8;=T), \a..W27j, h%,4
 5/(:Æg8;;@>j, b9Oi %5&gJW
A3ÆW. D4 6 Æ4 5-+S HAZ Æ5&13, /
-+ HAZ Æ E&A3, L:^_A55]5&,2e
^1efe3G&ef [15], B$CEAÆ4 5/(&
15—20 kJ/cm �j.

3 lmnop
3.1 HAZ \]qr

A54<36Æ?@>1,%4DE-+E)>4.
D. CGHAZ, %JP.3ik2, 1&)LÆBL"9
01g#;/&Dk.R 9Y. X100##)LÆ CCT
)#. 1T, AP.01�O (Ms=)/&� 364:,F"
9D�+/ 50 :/s &+:, 01?@�5UTP. (S
TP.); "9D� 10–30 :/s :, 01?@8/�7=
,-.; "D' 10 :/s &S:, 8/9#@=TP.?

_ 8 ���
�	[X�g�	h�hl2
�	�	���
Fig.8 OM images of fine grain zone and incomplete recrystallization zone under heat imputs of 8 (a, b), 20 (c, d)

and 50 (e, f) kJ/cm
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_ 9 Nb �	� 0.1% � X100 	�
ii`kam�
��l

Fig.9 Static continuous cooling transformation of X100

pipeline steel bearing 0.1% Nb (LB is lath bainite,

BF is bainite ferrite, AF is acicular ferrite, GB is

granular bainite and QF is Quasi–polygonal ferrite)

@. D.A5U;6Æ?@,6, 01Æ"9D�8/-
t8/5 # t5/3 !A; F4 5/ ≤8 kJ/cm, t8/5 W.

5 s (1 800→500 :Æ"9D�&. 60 :/s), 01?
@1�5UTP., 9 t5/3 :9>h, C #0=K-j�
h)S>, b9=;Æ M/A ?K@W, M>2X.5U
D?9; F4 5/j. 15—20 kJ/cm, t8/5 j. 10—
20 s(1 800→500 :Æ"9D�j. 10—30 :/s), 1
&k.7=,-.dTP.,-., gh t5/3 :9b7

 C #0=K-j�h)S>, =;Æ M/A ?K@WM
>, 2X.7=,-.5U?9; F4 5/ ≥25 kJ/cm,
t8/5 &. 30 s(1 800→500 :Æ"9D�W. 10 :/s),
t5/3 :9>!, BL01Æ?@�&cÆ@=TP., E
F-. C #0=K-'01E)7>:8Æ:9@?S
>#YZ, E"JP.7iZg%Æ C #0=K-, G.
E"JP.01/&'(, is9#U&Æ M/A [.

D. FGHAZ & IRHAZ, /4/&&.D. 900—
1100 :& 730—900 :, % Nb )7Æ Nb 5.0* 
\KD, b9, @;6MZ ;@"3%5."3#?@
"3, G.%5&g4<3U;6%; 9 IRHAZ f-.
JP.3 k2, 9# Qb2@=TP.?@, %5&
(.JW.
3.2 CGHAZ X\][YZ

'4DEÆ`)S, CGHAZ c4ilJ, %BO4
*?@6';j(Æ13. -R 3 1m, (4 5S9
#5UTP.#7=,-.?@, &:;<0&%, M/A
@WM>`2X'5Ua?9, 9%Æ4 5S9#@=
TP., &:;<0&'(, M/A ?KU3lJ. D.
M/A ?KD&&Æ<3, Æ+ [18,19] `�@WM>2X

Æ M/A ?K�8a1%;ÆS%5 , \A%;'%,
b9D&&>'; 9U&Æ M/A ?KDA5U;6Æ&
&n2>k [5,20,21], h%,F M/A ?KÆ9*j!&

. 2 µm :, 1l# Griffith %;Æd<@A, ' M/A
DlS9#%;EdkS%, e^&&XK'(. ;.;
^ 25 [12−14] #"%BKÆ>";@me [18] `�,
%;S%8/c/&:;< (^ a: ≥15◦) \A, G%
;S%l%!/, 991!%WfÆ>?&&, >?&&
XÆ1C4>gWÆD7"%BK, "%BKÆ&W,>
";@@A0D(. &+257., M/A ?K%&:;
<0&#JP.;@@A*D>?&&><3, 8F>?
-9�8gX`6o>?"%E)7>mJÆ�/2X,
C*`b` L?@Æ"%(^#&m)& [22−25]. '
8F>?cn – Icn6)#+, MZi&Ic Pm%m

"Ic Pf%m"s9Ic Pa, ,?D(Æ>?cn – �
/n6)#Mgo'%;9#� E1(MZo&19� Ee

&1&19� Ep)%%;k7S%FI� E2 &%;dk

S%FI� E3, %7, %;k7S%� E2 ,dkS%�

E3 ?&Ji�%;S%M, b`Wftn%;S%Æ�
#, WfÆ&3RK7+�%;S%MÆ!%.

R 10 Y. 4 5 8, 20, 25 & 50 kJ/cm 1C

Æ8F>?-98B. 1T, D.4 5 8 & 20 kJ/cm
Æ1CIc)#MZ Pm, Pf & Pa, �/)#MZ E1,
E2 & E3, b9>?&&g% (R 10a & b); 4 5
25 kJ/cm : (R 10c), i&Ic Pm +/"&lmÆ 

n1';Ic2(Vo#S', %;k7S%FI� E2

>(; 4 5!&/ 50 kJ/cm : (R 10d), i&Ic
Pm D.o&19mJp';m%, o'%;9#�jM
Zo&19� Ee. 7 4 oh R 10 78F>?-98
B, L:Y.  L4 5S CGHAZ Æ9*5&, )8
50 kJ/cm :Æ>?i&Ic Pm ,%"&lm0ap

". R 11 Y. 8, 20, 25 & 50 kJ/cm 4 5/S

Æ CGHAZ >?1C"�S%6TÆ SEM n, ).2
5%;S%<c/Ætn)&. 64 5/%4C?@(
^%8F>?-98B#"� SEM CK8B@?<02
5, 8BDS.

RK,D4 L4 5/S CGHAZ 7M/A?KÆ
@A#.W27, 4 5/� 50 kJ/cm Æ1C7 M/A
?KÆ.W27i?, F>0F7/@A&. 2 µm Æ

M/A [2X'BJP.;<+, '19ÆqOmJ, Rd
U&Æ M/A  ';19, %uo6=;(#Z79o'
%;9#, R,4 5/� 50 kJ/cm 1C8F>?Ic
[h>+/"&lm1';m"ÆB5Bb; >?1C"
�9L251T (R 11d), 1&q%i>j, 7.pqh
>tn%;ÆS%, q%i?9ÆD7?"&.BOJP
.;@, r.s%cgc.JP.;<+, %;s%Æp
DS%E0B, G1CjD"%d"; &+258B)8,
'4 5 50 kJ/cm 1C7, YZ'BJP.;<+ÆU
& M/A ?KDo' %;9#, EpDe^%m"d".
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_ 10 X100 
��� CGHAZ 
���t�
Fig.10 Curves of load and absorb energy Kv2 vs hammer displacement obtained in the instrumented impact tests

for the CGHAZ of X100 plate under heat inputs of 8 (a), 20 (b), 25 (c) and 50 kJ/cm (d) (E1—crack forming

energy, E2—crack propagation energy, E3—energy absorbed during brittle fracture, E4—post brittle fracture

energy, Pm—maximum impact load, Pf—brittle fracture start load, Pa—brittle fracture arrested load, dm,

df and da are the harmmer displacement of the charpy impact fracture course at impact load Pm, Pf and

Pa, respectively)

K 4 CGHAZ ur\]vqrpsrq
Table 4 The instrumented Charpy impact results and hardness of CGHAZ

E Hardness, HV Pm Pf Pa dm df da E1 E2 E3 Kv2

kJ/cm kN kN kN mm mm mm J J J J

8 311 28.5 15.9 2.9 2.8 7.9 11.0 55.9 130.0 37.2 223.1

20 260 26.8 17.1 3.7 3.2 10.3 18.1 64.0 161.4 90.0 315.4

25 244 25.2 – – 3.6 – 4.8 68.8 16.1 9.9 94.8

50 224 16.6 – – 1.1 – – 13.7 0 0 13.7

D.4 5/� 25 kJ/cm 1CÆ8F>?+/i&I
cÆ n1';jDÆm", ,2.7 M/A ?KÆ.
W27#@A%&:;<0&*>4'; R 11c >?1
C"�25)8>dD7?&.BOJP.;@, r.
m&%; `'BOJP.;\S%, [';@?9S
%, R,;<+Y'gU&Æ M/A ?K>4. 4 5/
≤20 kJ/cm Æ1C, M/A /M>2X.TP./7=,
-.5U9, Dtn%;S%>', �!%>?&&.

%C, ,4 5 50 kJ/cm 1CÆ8F>?Ic 

L, 4 5 8, 20 & 25 kJ/cm Æ1CÆcn – Ic)

#)8%;*.k kÆdrkÆS%E), D.4 5
25 kJ/cm 1C'+/ Pm Æ n1pDS', r.%
;kÆS% n1=; d<m&%;9d"; 4 5
8 kJ/cm 1C'Ic+/ Pf ÆS'g.), r.rk
7%;S%c/Æt#W; 94 5 20 kJ/cm 1CÆI
c)#S'tl, 7.%;S%c/Æt#i&; - 2.2
c CGHAZ 6T EBSD 258B1m (DR 6), &:
;<0&-%/(0C�4 5 20, 8 & 25 kJ/cm 1

C, 7.&:;<*-\/ tn%;S%%!%Wf&
&Æ`). -R 11 >?"�9L251m, 4 5/�
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_ 11 ���
�[ CGHAZ ��[X�� SEM V

Fig.11 SEM images of fracture surfaces from CGHAZ Charpy specimens under heat inputs of 8 (a), 20 (b), 25 (c)

and 50 kJ/cm (d), the maximum toughness is obtained corresponding to ductile fracture at an optimum

heat input of 20 kJ/cm

20 kJ/cm 1CÆ"�9L�1&sp"� (R 11b), 7
.%;'atS%E)7*c/"NÆtn, %;S%s
>"\A; 4 5/� 8 kJ/cm1CÆ"�9L�kD7
? (R 11a), 1&q%ig?, r.%;'kÆS%7c
/Ætng"N, \rkÆ%;S%c/ÆtngW; 4
 5/� 25 kJ/cm 1CÆ"�9L)81&q%ig

j (R 11c), r.%;S%7c/ÆtnW.

<0, D44 5 8, 20 & 25 kJ/cm 1CÆo'%
;s%� E1 ?9ÆaV, )8"& (i&Ic Pm) ,1
& (i&Ic:Æ>?cn dm) *D%;s%=;<3,
Pm , dm tW[&, s%M E1 [&, r."1&Æ-X
WX>'.\A%;s%. )!, 7=,-.Æs%M%
.5UTP..

iÆ, CGHAZBOJP.;@@AD>?&&Æ<
3 q M/A?K%&:;<D>?&&Æ<3mn.),
\U&Æ;@@AD>?&&(u,>kÆ, D4 5
25 kJ/cm 1C>?Ic+/i&ÆpDs%, 1�,.
+ÆJP.;@ *4!&>4.

4 Mp
(1) 'B$CA54DEUKS, CGHAZ Æ&&�

4 5/Æ!/, –20 :Ær4>?MVIT#613,
1'4 5 20 kJ/cm :>?&&+/i%; �G X100
##)k.-XÆA5&�, B$CA54 5 (uE
20 kJ/cm.

(2) E&ÆA54 5s \Z\ CGHAZ 7BO
JP.;@9*@AÆU3, \\e^;@*4&Æ_3,
L:4 5Æ!/\9#U&Æ@=TP., G M/A ?
KU3, 'U&Æ M/A ?KDwSo'%;9v, ';
jDm", R,4 5 50 kJ/cm 1C CGHAZ &&_
3Æ8/Bb.

(3) CGHAZ 6&:;<0&-%/(0C�4 
5� 20, 8, 25 & 50 kJ/cm Æ1C, ,8F>?-97
%;S%M%(CsQ^, &:;<0&%Æ1C1"N
tn%;S%, 1%Æ&:;<0&1)v!%%;S%
M, !%WfÆ&&.

(4) 45A5 HAZ 4C5&13)8, FB$CA
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54 5 ≤20 kJ/cm :, HAZ 2( ';A3, �O
i HAZ  E&A3, &#b5&E%e^2e^1e
fe3G&!&, B$CÆA54 5& 15—20 kJ/cm
�j.
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