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ABSTRACT The effect of Cu on microstructure transformation and microstructure refining of the
weld metal of 690 MPa grade HSLA steel was investigated by OM, TEM, EBSD and thermal expansion
instrument, and the mechanism of microstructure refining was discussed. Experimental results indicate
that microstructure of weld metal is composed of granular bainite, lath bainite and residual austenite.
The addition of Cu content from 0.24% to 0.53% in weld metal can decrease phase transition temper-
ature, which induces the reduction of martensite–austenite (M/A) amount from 0.62% to 0.31%, the
variation of M/A shape from small bulk and bar to granular shape, the increase of residual austenite
amount, and the remarkable refining of microstructure. The increase of Cu content from 0.24% to
0.53% results in the decrease of the mean size of lath block from 2.18 to 1.99 μm, the decrease of the
width of lath from 0.39 to 0.36 μm, and the increase of the amount of large angle boundary, which
can inhibit crack propagation, from 68.5% to 71.0%. Analysis indicates that Cu can decrease phase
transition temperature, increase the stability of austenite, raise the pontential difference between
ferrite free energy (Gα) and austenite free energy (Gγ), reduce the critical size of crystal nucleation.
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Meanwhile, low phase transition temperature can retard the diffusion rate of carbon atom and slower
the growth rate of crystal grains. These factors result in the refining of substructure.
KEY WORDS HSLA steel, weld metal, phase transition temperature, microstructure transfor-

mation, microstructure refining
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Cu, (&&�%#)#%Æ$*!*, '+)#%Æ�
$ [1]. 20 "' 80 % &,)!#-$+, HSLA
("%%Æ)-*+ [2], , Cu 3%"#"�%�%�,
'% #-�--&(..)/Æ'"** [3−5]. � Cu
#0�-%)-$1/, Cu �23#$�Æ3%$%+
,4.0%5.

Cu�%&/06-"�, *17%&/(&1$, )
##1(&'2Æ'$, 84*Æ(&24*3-''+
4 [6−8]. ,(, ,8 Cu 84***Æ+49-.03
: [9−11], '� Cu 83-234*3%9-Æ.058
3 . Avazkonandeh; [6] .0# Cu87"#%234
*-**Æ+4, -6) Cu )!.%, 23#$�.7
Æ3-*+. <�=.0&&8784*49#>(, /
�8 Cu �+44*:5?9-49,�.0-@;.

A/)-.<. (EBSD) 6/Æ&%, %,�.0
4*Æ:5?)B#9�. Morito ; [12] &% EBSD 8

*= C)!>7?0&/Æ835?49#,�.0, -
6 C )!0 0.0026%.%C 0.61% #, Æ>09Æ>1
:5?+,:@. Singh ; [13] 8D%�Æ>:5?2$

Æ+41�49#.0, -6Æ>:5?Æ2$2A1;
3%&/Æ06*9-B40*Æ&-, %&/06*.
�<-B40*Æ.%=*2Æ>3-.

�,3, ,8 Cu �23#$�3%Æ.0>-�4
.?E. Xue ; [14] 95 /; [15] .0# Cu 823#
$6B**Æ+4. '83 Cu �3-23#$4*9-
Æ.0,3>C@0F.

1D2%) Cu 23&%4-A5/3Æ2 (MIG)
2BG58 690 MPa C HSLA %494H#$2B, '
%IB78D (OM), E.AD (TEM) 9 EBSD 6/

84H#$784*9835?49#,�@;, 2%%
76J84H#$Æ5&1$49#46, .0# Cu 8
4*(&94*3-Æ3%, 584*3-E849#,
�Æ@;.

1 5678
2B6Æ692% 690 MPa C HSLA %, $@

(!!@7, %) %: C 0.02—0.06, Mn 0.90, Si 0.4,
(Mo+Cr+Ni) 4.0, Fe 7!, %ÆK(% 430 mm×
205 mm×20 mm, 2B69F%-:6�$5;<Æ)
Cu Æ Mn–Ni–Cr–Mo G8H23, 8F 1.2 mm, 23
-B$@@7 1.

9 1 L9MGI8N
Table 1 Chemical compositions of weld wire

(mass fraction, %)

Weld wire C Mn Si Mo+Cr+Ni Cu Fe

No.1 0.043 1.71 0.45 4.06 0.22 Bal.

No.2 0.045 1.71 0.44 4.09 0.50 Bal.

2% MIG 2� 95% Ar+5% CO2(/H@7) I"
5/3Æ?492B, 2B%:�% 20 kJ/cm, 9%1$
% 80 9, FJ1$ 150 9.

%#9�8:, ;�6J=14:/,F23K:.
,6J%<;.=;>I/, % 3%L=K8>M (/H@
7) *!, ?/'% LeicaMEF–4MN OM2 SCIAS6.0
OP@;G#.023#$Æ8>4*. 2% H–800 N
TEM >(23#$Æ8>835?, 6J#<O=@?:
,6J%<;>=CL$@3 50 μm, <% MTP–1A ?
6:@AAMB?:@#$ TEM >(%6J, AMM%
6% #@=K8>M (/H@7), :@1$% –25 9, A
Q 25 V, AA 60 mA. 2% Lepera *!N (100 mL Æ
4%(!!@7) BR=K8>M- 100 mL Æ 1%(!!@
7) C=:D=E>M4$) 86J49*!, % OM >

(0&//%&/ (M/A) 4", 5% Sisc–Ias #5@;
C746 M/A 4"Æ/H@7. &% Oxford Nordlys
F+ NA-.DFAD (FE–SEM) 86J49 EBSD
-DF, DF.B% 0.1 μm, DFE>+,% 50 μm×
50 μm, 2% HKL–Channel5 C78 EBSD 7O�C
7%&/)!9Æ>149#*. 2%8F 3 mm, B
10 mm Æ?@S6J, % Formast–F DN%76A4
!6J� 950 9B?F1O=�Æ%76GT, 5OEH
65&1$, F1IGJ6% 200 9/h. FP8UGC,
QHD GB/T229—2007 � –50 949.

2 56;<
2.1 =>?@ABCDE

7 2 �2B4H#$Æ-B$@@;5P. H@, 2
44H#$�Æ Cu )!@I% 0.24% 9 0.53%, ' 
K"�)!JI*K.
2.2 =>?@AFG

O 1 �*= Cu )!4H#$Æ#54*, O 2 % 2
E Cu )!4H#$Æ TEM P. 5"O 1 9 2 HF, *
= Cu )!4H#$Æ4*2A0Æ>GL&/;IGL
&/9 !ÆC7%&/4$. Cu )!% 0.24% #, �
Æ>5?HJ@M� !ÆIGL&/4*; Q Cu )!
% 0.53% #, 4H#$�IGL&/7!: , Æ>L&
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Table 2 Chemical compositions of weld metal obtained by different weld wires

(mass fraction, %)

Weld wire C Mn Si Cu Mo+Cr+Ni Al P S Fe

No.1 0.052 1.52 0.38 0.24 4.12 0.01 0.006 0.006 Bal.

No.2 0.053 1.56 0.38 0.53 4.14 0.01 0.006 0.002 Bal.

J 1 Q� Cu ����
	�
���
Fig.1 Microstructures of weld metal with 0.24% (a) and 0.53% (b) Cu

J 2 Q� Cu ����
	�X
	�
Fig.2 TEM morphologies of weld metal with different Cu contents

(a) bainite lath (b) bright field of martensite/austenite (M/A) constituent (c) bright field of residual austenite

(d) dark field of residual austenite (e) SAED pattern and index of residual austenite

/7!.:, Æ>5?3@MK. =#8 2 E Cu )!4
H#$835?49>(-6, Æ>5?Æ834*�5
/� Cu Æ;!5'$, 1E Cu 2ABWY�X�/5
�ÆX>PSQR�. 0DY [16] HF, 83) 1.4% Cu
Æ23#$, 2/Q S 800 9LRC 500 9ÆLIT
C 14 9/s #, $HZS)# Cu ;!, 0T*!:�Y

THF, �1DÆ2B>7?, 23LIN% 25 9/s, 5
U Cu :#!&TC 0.5%, �OELRI$9 Cu )!
?23�ZM;! Cu.
2.3 M/A FKALM

034H#$�R�IGL&/4*, ' Hehe-
mann ; [17] V%: IGL&/� (M/A) 4"ÆSP,
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+,97!84H#$Æ6B**�7P+4. 2%

Lepera QW*!N8*= Cu )!Æ4H#$4*49
*!/, OM ?>(CX�/[/%\]W, M/A 4"
%NUW, �[4Z [18]. *= Cu )!4H#$� M/A
4"ÆSO9@M@O 3 ;X. H@, Cu )!% 0.24%
#, 4H#$�R�,67!Æ M/A 4", SG2AB
PIG;@1G9>GR�; ) Cu )!.%C 0.53%,4
H#$� M/A 4"7!.7: , SG(2ABPIG
%2. @I8 2 E Cu )!?4H#$�*=SG M/A
4"Æ)!49##*, 5P7., Cu )!% 0.24% #,
M/A 4"ÆR)!% 0.62%(/H@7),  �@1G;>
G9PIG M/A 4"Æ)!@I% 0.16%, 0.14% 9

0.32%; ' Cu )!% 0.53% Æ4H#$�, M/A 4"
ÆR)!% 0.31%, 5UBPIG%2.
2.4 NOÆPQLM

*= Cu )!4H#$�VIGL&/;Æ>GL
&/\, >)�C7%&/4*. C7%&/% fcc 5?,
^�)/ÆY*, 8Q]�RS9_93%. O 4 %*=
Cu )!4H#$�C7%&/@MO, O�\W[[ 
7 bcc 5?Æ784* (1D� 7L&/X�/4*),
UW 7Æ� fcc 5?4* (C7%&/). 0O 4 HB-

6, Cu )!@I% 0.24% 9 0.53% #, C7%&/W*
R^Æ5G@M�L&/X�/Æ>HJ, U@M*=T.
_O EBSD G#4XÆ5#*1*, 84H#$�C7
%&/)!49##*, 5P7., ) Cu )!0 0.24%
.%C 0.53%, C7%&/Æ)! (/H@7) (0 0.3%
.%C 0.5%.
2.5 SPQTUKLM

_O TEM >(-64H#$�ÆÆ>L&/9

IGL&/2ABÆ>5?R�. 83OE:\"5?
2A�Æ>5?Æ4*,  :\"5?UY�Æ>0

(packet);Æ>1 (block) 9Æ> (lath). _O EBSD
6/HB�-]ZIÆ>15?, 1D[`ab$ ≥15◦

Æ`a3%Æ>1Æ\a, 8*= Cu )!?4H#$Æ
>1:\"5?49E@. O 5 � EBSD DF.CÆ*
= Cu )!4H#$�Æ>15?`WO,  �SW 7
(111) 1a, cW 7 (001) 1a, TW 7 (101) 1a,
Æ>1HJ%`ab$ ≥15◦ Æ`a@), `a%]WT
>7X. SO 5 �HBd!, ) Cu )!Æ.%, Æ>1
�Ve3-Æ*+, Æ>1+,@M89O@O 6 ;X.
H@, Cu )!% 0.24% 9 0.53% #, Æ>1+,W]W
P@M; Q Cu )!% 0.53% #, Æ>+,� 3 μm B?

J 3 Q� Cu ����
	X M/A ���UY�^
Fig.3 Distributions and shape of M/A constituent in the weld metals with 0.24% (a) and 0.53% (b) Cu

J 4 Q� Cu ����
	X��
����^
Fig.4 Distributions of residual austenite (AR) in the weld metals with 0.24% (a) and 0.53% (b) Cu
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ÆÆ>1Æ)!.:, Æ>1*33-. 8Æ>1ÆV

=+,49#*H.!: ) Cu )!0 0.24% .%C

0.53%, Æ>1ÆV=+,0 2.03 μm ?1C 1.90 μm.
Æ>5?Æ4*�, V#Æ>09Æ>1�:\"H

\, Æ>(�:\"H,. O 7 �*= Cu )!Æ4H#

$Æ>5?Æ TEM P. HBd!, Cu )!% 0.24% 9

0.53% #, Æ>:5?3@MK, @MWWf_GP. 8
XE Cu )!Æ4H#$KN4! 40—60 4Æ>, &%
IF@M*TC7, 8Æ>2$@M2Æ>ÆV=2$4
9##*-*T, 5P@O 8 ;X.

J 5 Q� Cu ����
	Zb�
^�cZd
Fig.5 Orientation and unit color maps of effective unit of the weld metals with 0.24% (a) and 0.53% (b) Cu

J 6 	�
��e��^d
Fig.6 Statistical distribution diagrams of bainitic block in the weld metals with 0.24% (a) and 0.53% (b) Cu

J 7 ��
		��Ud
Fig.7 Pattern maps of lath of the weld metals with 0.24% (a) and 0.53% (b) Cu
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J 8 	����^d
Fig.8 Statistical distribution diagrams of lath width in the weld metals with 0.24% (a) and 0.53% (b) Cu

H@, Cu )!% 0.24% 9 0.53% #, Æ>2$@MW
WP@M, Cu )!% 0.24% #, Æ>2$@M2AY�
� 0.1—0.8 μm HJ, ' Cu )!% 0.53% #, Æ>2
$@M[2AY�� 0.1—0.5 μm HJ, Æ>2$Ve&
3. 8Æ>ÆV=2$49*T, 5P7.: ) Cu )!
0 0.24% .%C 0.53%, Æ>ÆV=2$W?1*+, 0
0.24% #Æ 0.39 μm ?1C 0.53% #Æ 0.36 μm.
2.6 =>?@AVWXY

84H#$49 –50 9FP8U, -6)Q Cu )
!Æ.:, 4H#$ –50 9FPf[1W6!7P\F
Æ*+. Cu )!% 0.24% #, FPf[1ÆV=\%
113 J, FPf[1Æ@-$3K; Q Cu )!TC 0.53%
#, 4H#$ÆFPf[1ÆV=\F#C 143 J,TC:
K\,=#FPf[1Æ@-$:@, - Cu)!% 0.24%
# (113 J) 5:, FPf[1ÆV=\.%# 30 J, .B
_$% 26.5%. 4H#$FPf[1) Cu )!.%'W
7PF#O,&-KY].: 4H#$� Cu )!.%8
4H#$ÆFP^*�7P]`_.

3 Z[
3.1 Cu \]^_`Aab

2BO=�ZI%%-LRÆO=, 4*�ZI[X
O=�, ,g\ L(M5)→γ(%&/)→ α(X�/) 5&
O=. '5&1$Æ#7[1;323#$Æ-B$@9
LRIG, QLRIG,6#, 5&1$2A1;3-B
$@. 0318U2B#;F:6+,92B`7�5=
Æ, 1E`2/23ÆLRIG85&1$Æ+4�5=
Æ. ]V#LRIG1�85&1$Æ+4, ,(2Ah
^23Æ-B$@85&1$Æ+4. 07 2 Hd!, 4
H#$�V Cu )!�7PÆ*=\,  K"�Æ)![
13a,M. 1E?-,a_ Cu 85&1$Æ+4.

%#U] Cu 85&1$Æ3%, 2%%76A8
Cu )!@I% 0.24% 9 0.53% Æ4H#$49#%&

J 9 Q� Cu ��g��
	����Æh
Fig.9 Thermal expansion curves of the weld metals with

0.24% (a) and 0.53% (b) Cu

/(&)b1$ Ac3 9%&/(&501$ Ac1 4!,
8U;.76GT@O 9. 88U.CÆ76GT2%c
TJa15&5, $1%%76GT\C`Wb%76Æ
)bK:3% Ac1, 1$\F, 1<YibWb%76Æ
)bK:3% Ac3. Cu )!% 0.24% 9 0.53% #, Ac1

@I% 640 9 600 9, Ac3 @I% 810 9 790 9, $ Cu
)!% 0.53% Æ4H#$Æ Ac1 9 Ac3, - Cu )!%
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0.24% Æ4H#$5:, @I?1# 40 9 20 9. O,8
U5P]8: 4H#$� Cu )!Æ.%, 85&1$Æ
17�7PÆ3%. '5&1$172A� Cu .%#O
L%&/Æ06*;M [19].
3.2 Cu \ M/A FKc^Aab

) Cu )!0 0.24% .%C 0.53%, IGL&/�
M/A 4"Æ7!0 0.62% : C 0.31%, SG(0@1
G;>GaPIG(& (@O 3 ;X), M/A 4"7!:
 9SG`&2A- Cu)!Æ.%2%&/(&1$1
7, S'2L&/5&cb1$()H17�c [20]. L
&/(&O=2A�L&/X�/ (BF)ÆSj-$BÆ
O=, 03L&/5&1$,d73 550 9, �E1$?,
V# C *dB=a-\, Fe 9ikÆ"#"�^/=*
*497PÆa-, 1E�L&/X�/Sj-BKÆ=
#, >e)QL&/X�/] C 2 C Æa-O=. Q4
H#$� Cu )!% 0.24% #, E#L&/5&cb1
$3#, C ÆB=a-:3d_, a-ÆIG3Z, E#
C HBB3ZÆIGS α/γ 5&(j-a γ 3a-, 5
2C7%&/� C )!F#, -'06-. L&/4,.
(&, ,06-Æ%&/fk, �)/ÆLRO=�, W C
%&/g@(&%0&/, B M/A 4"ÆSQR�53
b`e1. L&/5&cb1$a#, C7%&/�) C
!a:, *< M/A 4"'$7!.:, 'U M/A 4"
(ad_BK$1G9>G, @O 3a ;X. 'Q4H#
$�Æ Cu )!.%C 0.53%#, 03 Cu )!.:2%
&/Æ06*.%, h2L&/5&cb1$17, C Æ

B=a-IG&c, C7%&/� C )!: , �)/Æ
LRO=�, '$Æ M/A 4"Æ7!: , =#5&c
b1$Æ17, 25&fe6.K, M/A 4"ÆSG(a
BlgS [21], @O 3b ;X.

' M/A 4"7!Æ: 9SGÆ`&869ÆF
P^*��+4Æ. c3 M/A 4"Æ7!869FP*
*Æ+4, :7.0V%, # C )! M/A ÆR�, dm
#69[/ÆR^*, *&�[/�''&6Y�, 'U
�fQ#$%Q]Æe'b9Q]Æ7*!a-_F, 1
7%Æ71FP^*,  )!Æ.%8%6ÆFP^*�
*'Æ [22].

c3 M/A 4"ÆSG8FP^*Æ+4, DY [2,
23—26] V%, >S91G M/A 4":PIG M/A 4
"''Æl&gK, DY [27] V%Q-'&&#, B>G
ÆM/A4"-[/HJÆa-\d_''8fh98Q
], $%ngi*E, 5UB>GÆ M/A 4"1hc*
^�3KÆY*&S*6, o�Q]BKÆ/gf), d
$M8fQ'17FP^*. DY [1, 2 9 27] (V%K
1GÆ M/A 4"8^*�+b7PÆl&, ��K1G
M/A 4"ÆiÆ?, 8Q]jm-'�K1G M/A 4
"-X�/[/Æa-\, $%kQgK. 'DY [27] V

%PIGh-@MÆ M/A 4", *_2&6Y�'e-
Q], 8FP^*Æl&3@.

0B\@;HF, Q Cu)!% 0.24%#,03M/A
4"Æ7!3:, 5U�@1G9>G M/A 4"ÆR�,
iM FP^*Æ17; 'Q Cu )!% 0.53% #, -
Cu )!% 0.24% #5:,  M/A 4"7!: , 5U
SG(2ABPIG%2, 1EFP^*.B)#.
3.3 Cu \NOÆPQc^Aab

C7%&/�4*�R^(&O=�, C-'(&'
�e1?CbÆ%&/4*. Cu )!% 0.24% #ÆL&
/5&)b1$#3 Cu )!% 0.53% #Æ, 1EL&
/X�/�:7Æ C �jfÆ#J]�CgkÆ%&/
�, iM gk%&/�Æ C )!9 C i$.%. L&
/ C )!Æ.%, ,2W C Æ%&/�)/ÆLRO=

� M/A 4"Æ(&7!.%; ' C i$Æ.%, 2L&
/5&501$ ($0&/)b5&1$) )#, '0&
/5&1$)#, ,2m7Æ%&/�jfÆ#J(&%
0&/, iMe1?C7%&/Æ)!: .

'Q Cu )!% 0.53% #, 03L&/5&)b1
$17, L&/X�/gk C ÆWY!: , n? C Æ

WY!: , <DY [1] V% Cu HB170&/(&Æ
cb1$, 0&/cb1$Æ17, 2WYÆ C �)/Æ
LRO=�, (&%0&/Æ7!: , '(&%C7%
&/Æ7!.:.

TEM>(H@, 4H#$�R�ÆC7%&/4*,
[1\�B@jGR�3L&/X�/Æ>J, 1E83
)#^*g%�'.
3.4 Cu \FGdBef

SO 5 9 7 HF, ) Cu )!Æ.%, Æ>1+,9
Æ>2$:@. @;V%, ) Cu )!.%, 4H#$�
:5?\"Ve3-Æ^12A-5&1$17�c, Q
49 γ → α (&#, G#40*k?4-]S3#ÆG
Pa37ÆGP(&. O 10 �5&#%&/59L&/

J 10 
����
������Y��jnohd
Fig.10 Scherlatic diagram of free energy of austenite and

bainite (ΔGV—free energy difference from austen-

ite to ferrite; Gα—free energy of ferrite; Gγ—free

energy of austenite; TM—temperature of theoretical

crystallization)
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540*)1$&-XiO, pgH 75&1$, j
gH 740*Æ\, O� 2 >GT@I7X%&/9
L&/�5&#40*)1$Æ&-*+, ΔGV �\

K/H%&/-L&/Æ-B40*J, TM 7X%&

/59L&/540*5;#Æ%6B1$, E#%&
/59L&/5kR, �49XP5&#, k�Q1$
73 TM #, %&/5aL&/5(&l*p'49.
Q Cu )!0 0.24% .%C 0.53% #, .%#%&
/Æ06*, 2L&/5&1$17, iM5&#X�
/40* (Gα) -%&/40* (Gγ) J\&K, $

ΔGV(Cu=0.53%)>ΔGV(Cu=0.24%).
lO#$Sj8_ [28] HF, +5Æka`j+,

γK - ΔGV R�@?cG:

γK = 2σ/ΔGV (1)

Q�, σ %`jÆ\K7-*. SQ (1) HF, γK

- σ $W:, '- ΔGV $m:. 1E, Q σ *

&#, ΔGV aK, L&/X�/Æ`jSj+,a
@, $Q ΔGV(Cu=0.53%)>ΔGV(Cu=0.24%) #,
γK(Cu=0.53%)<γK(Cu=0.24%).

L&/5&(�,ESj9BKÆO=, L&/+5
SjB/,  BKÆO=0a-;�#, '1$�+4X
P#$a-Æ=A1�, S'+4+5ÆBKIG [29] . `
jV=BKIG-5&1$ÆcG% [30]

v = v0exp(−Q/(kT )) (2)

Q�, v �`jÆV=BKIG; Q %a-qr*; K %

Boltzmann b7; v0 %b7; T %5&1$.
%#�3>( v - T ÆcG, 8Q (2) 497O-

8, 587O-8/ÆTE49#GTl", l"GT@
O 11 ;X. SO�Hd!, )5&1$Æ17, `jV=
BKIGWl7\no:, $)5&1$17, `jÆB

J 11 ��������q������ohd
Fig.11 Relationship of mean coarsening rate of crystal nu-

cleus and transformation temperature

KIG:@. O2A-5&1$Æ17iMÆa-IG
17�c, 1%L&/X�/ÆBKO=, 8!\s�X
�/Æ] C O=, k�[`j-Æ C a-C gkÆ%
&/�, l*%`jBKmd>7. '5&1$Æ17,
2 C Æa-IG:c, mSjÆL&/X�/BKIG
&c.

_OB\@;HB.!, Q Cu )!0 0.24% .%

C 0.53% #, 03 Cu .%#%&/Æ06*, 17#L
&/5&1$, 25&# Gα - Gγ J\.K, :@#k
a`m+,; =#, 5&1$Æ17(17# C Æa-I

G, 2mSjÆ`mBKI$:c, :n3-#L&/Æ
:\"+,, 2 Cu )!0 0.24% .%C 0.53% #, Æ
>1ÆV=+,S 2.18 μm :@C 1.99 μm, Æ>2$
0 0.39 μm :@C 0.36 μm.

Æ>19Æ>:\".C3-Æ=#, 0Æ>19
Æ>:\";k$Æa-7!so.:, 'Æ>1;k
$Æ`a_bnH%Kb$`a (`ab$ ≥15◦), '
% EBSD 6/8*= Cu )!4H#$Æ`a49#

rI, `a@MO@O 12 ;X, O�T> 7`ab$
≥15◦ Æ`a, 2% EBSD 4XÆ@;C78Kb$`

a49##*, 5P7., 4H#$� Cu )!@I%

0.24% 9 0.53% #, Kb$`aÆ:n@I% 68.5% 9

71%. @;V%Kb$`a)!Æ.%2A-Æ>1+

,Æ:@�c. 'Kb$`a8Q]Æa$�QRoÆ3

J 12 Q� Cu ����
	���^d
Fig.12 Grain boundary distribution maps of the weld metals

with 0.24% (a) and 0.53% (b) Cu
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% [31], �fQO=�, QQ]oC0Æ>1;Æ>09`
a;k$ÆKb$`a#, 03Kb$`a-R6K, Q
]a$o�&=Ro, Q]a$opo<-'(a, iM
a$oFGq, ppÆ*!.:, 1'6JÆFP^*)
# [32].

4 ;[
(1) Cu )!S 0.24% .%C 0.53% #, 0&//%

&/ (M/A) 4"7!0 0.62% : C 0.31%, 5USG
(0@1G;>GaPIG(&, C7%&/7!.:.

(2) '%%76GT, 84H#$%&/(&1$4
9#*T946, 5P7., Q Cu )!S 0.24% .%C
0.53% #, %&/)b(&1$7P17.

(3) Q Cu )!0 0.24% .%C 0.53%#, 03 Cu
.%#%&/Æ06*, 17#5&1$, 25&#X�
/40* (Gα) -%&/40* (Gγ) J\.K, :@#
ka`m+,; =#, 5&1$Æ17(17# C Æa

-IG, 2mSjÆ`mBKI$:c, :n3-#4*
Æ:5?, Q Cu )!0 0.24% .%C 0.53% #, Æ>
1ÆV=+,S 2.18 μm :@C 1.99 μm, Æ>2$0
0.39 μm :@C 0.36 μm.
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