%48 % F 11 A B % K Vol.48  No.11
2012 4 11 1 %5 12811289 3 ACTA METALLURGICA SINICA Nov. 2012 pp.1281-1289

Cu X} 690 MPa £f HSLA N E & R4 4R B
FOLH1LBVVER -

# =y Zgfw ¥EE0 @ik
1) PYAFFT SR ST PR B B E 5 B a5 S0 2, Jba 100081
2) FRPEA ST R ERAU TR R, &AM 06700

# E @i OM, TEM Mt EBSD %M FB, 4G REHIIAME, FFET Cu it 690 MPa % HSLA @245 4E
TR R AL VE T, SRR AMERLBEEST T80, B R, SR AR FEERARI KA (LB). Bk IR
fh (GB) MmAREA (AR) 418, Cu &8N 0.24% #mH| 0.53% mt, D/ mkdk (M/A) fekiil 0.62% md
) 0.31%, 3 HFEWR M B /MR SR IBURCR S BRA R IREIRINZS; FIR, 218004 H820 8] B AL, DR AR AR
R T HIN 2.18 A1 0.39 pm 3] 1.99 F1 0.36 pm, TTFLREZE R f &R bl s 68.5% iz
71.0%. X ERALRE AT AT 23, Cu ARG SRR, WIS REY:, AR EREAE BifE (Ga) fl
WK E fAE (Gy) LMK, B/MERGIRR T R, AR MR EREE T C M Bok R, o BB IR KA ke,
BRI T W SRR

X487 HSLA 1, BINEIR, MASREE, 24075, A5 4L

hEESEE  TF777.1 TERARINE A XEHS  0412-1961(2012)11-1281-09

EFFECT OF Cu ON MICROSTRUCTURE FORMING AND
REFINING OF WELD METAL IN 690 MPa
GRADE HSLA STEEL

PENG Yun V), WANG Aihua 2, XIAO Hongjun V), TIAN Zhiling )

1) State Key Laboratory of Advanced Steel Processes and Products, Central Iron & Steel Research Institute, Beijing
100081

2) Department of Mechanical Engineering, Chengde Petroleum College, Chengde 06700

Correspondent: PENG Yun, professor, Tel: (010)62185578, E-mail: yunpeng21@gmail.com

Supported by National Basic Research Program of China (No.2010CB630800)
Manuscript received 2012-02-20, in revised form 2012-07-09

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 um, the decrease of the
width of lath from 0.39 to 0.36 um, 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 (G.) and austenite free energy (G, ), 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 BB RAREMICE, REFIRE RIAEFEAEE, 7
HIEREE A PR A B, WA B A M AR AL e R
m 6=81 EHaT, &%t Cu XTI ARG N 5 T HFI
% 1 e Cu MAIL LS 4L E F 7T fBF S AN
#5/1. Avazkonandeh 2 6] 1587 Cu dHME & &40 4 241
L5 MRERYE N, KIME Cu SN, FESFEEHE
AL . (HRABF AU B R AT T WL, B
FXT Cu 7E5ENHLL5 1 7 E A TIR A 5 74T

B H RS (EBSD) HARBIN ], NN
AL T H7E. Morito 4 12 7 EBSD xt
AF C FEAMT D RIEFEASGHHT TERANR, &
I C & 0.0026% 1z 0.61% B, AARFIMR AR
TE4EH RFI. Singh 45 18] 3 RES il 4% .45 52
BRI R 2047 T WF5%, R IR AR W45+ Y 0 B = BB e
FRRAERTREEMILS B hRERI b, B ICARRR
RELE B AERTHS IS RE AR Ak A4k

EEN, £3F Cu 721248 88 PEH BRI b AEE
BB Xue 2 M fizsdess O] gge T Cu stises
JBS1FERERI . X T Cu B4R € 8 41405 |
RIS ] IR AR WLARE .

AR Cu B2 s AEET R (MIG)
EE LR 690 MPa 2% HSLA S T/ERES B IRE, F
Ot BEE (OM), #4itHEEE (TEM) fit EBSD A
XHE RS B A E ARG WS HAT T IR, KA
TRk X B R B ARAR IR B AT T I, WFE T Cu Xt
HEHLAM AR MCHITER, FXTH B4R T T IR
NHIZHT.

1 ERAE

R ER A 690 MPa 2% HSLA #, B4
(FREAM%L %) X C 0.02-0.06, Mn 0.90, Si 0.4,
(Mo+Cr+Ni) 4.0, Fe #&, YWHRMKEN 430 mmx
205 mmx 20 mm, HFERBHE ] 5 BERF 5 EEAH VCEL A &
Cu # Mn—Ni-Cr-Mo ZRL.0MEZ, B2 1.2 mm, H#
2o W 1.

R1 BLBLERS

Table 1 Chemical compositions of weld wire

(mass fraction, %)

Weld wire C Mn Si
0.043 1.71 0.45 4.06 0.22 Bal.
0.045 1.71 0.44 4.09 0.50 Bal.

Mo+Cr+Ni  Cu Fe

No.1
No.2

K H MIG #8245 95% Ar+5% COo(fRF4M30) 1B
SRR TR, SR 20 kJ /cm, FIREEE
S 80 C, IR 150 C.

HTHEM, AR A )G —ERENLE.
KRR ARRFES | %), 3% MERIIETE (R
B Jgl, SRIEFH LeicaMEF-4M % OM & SCIAS6.0
1T RBP4 &R B 41 4. SR H-800 &
TEM WEKE5E S8 (NS 454, irem &t R T
P AT SRR B /NT 50 pm, B MTP-1A 7%
TR B8 L AU I . TEM W IR RE, il
6% EEBREREW (RRSE), WoEIEE R 25 C, H
JE 25 V, B 60 mA. KH Lepera @] (100 mL #)
4% (R FRRIEEERS 100 mL # 1% (BT &5
30 M EILBRERN M ALAE) XHAREEATE R, i OM W
Gk B (M/A) 46, A Sisc-Tas &A1
WA E M/A ARS8 W Oxford Nordlys
F+ Bk sAfasg (FE-SEM) 3k T EBSD
T, AP RA 0.1 pm, HEFXIBRH 50 pmx
50 pm, {#ifl HKL-Channel5 Z{:xt EBSD k5%
B BRRASGE TS RAER 3 mm, K
10 mm BEEEIRFE, B Formast-F 1 BRG]
HARFELE 950 C LA FHE S A A IR T 28, 4
FEFARELEE, FHEE AR &0 200 C/h. Wil e i =
FhifE GB/T229—2007 7€ —50 CHEAF.

2 LIRER
2.1 BEESEMILFERS

2 BEBEHSR AR R, AT, 2
HEBEEFH Cu S&SH8 0.24% F1 0.53%, Tk
ELETEENAK
2.2 BHSBMALR

E 1 2AR Cu & EERERASMAS, K2k 2
Fi Cu B SEAN TEM & 4541 1 A1 2 740, R
A Cu & A8 A 4L EEHARSCR DR, ROtk I
RARMA R FRARRAA . Cu FHA 0.24% B, &
WA G5 2 (B A A D BEERDIR DL ERAR S 24 Cu &
K 0.53% B, #EEA IR FORCIR DT RAREC R, idk LR
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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.

B1 AR CudERNEREMSHAN
Fig.1 Microstructures of weld metal with 0.24% (a) and 0.53% (b) Cu

B2 AR CugEMeRmrEaesH
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

HEEN L, BRGMA/NEGE. FIRRE 2 F Cu &iE  FTH, ZEASCHMREBERIE T, MREEVHELY N 25 C/s, 3F
B RE A BTG R B, BORSSHEREMAR I H Cuo Bm(GET] 0.5%, EXFRHEEAN Cu S
BA Cu gt tHARAR R, B Cu EEIERAERRAM  TREPMUETTH Cu

TR EE SR disak [16] A5, X7 1.4% Cu 2.3 M/A ATHHHE

HIARSE SR, AR5 2 800 CHeIF] 500 CHIREA o TR B R AR EROR LR L4, T Hehe-
| 14 C/s b, HIFTSE2AE] Cu #rit, MARRERMAM  mann % D7 YO BRRUURKEH (M/A) 4THIBE,
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FGFRIB R A SR 0 1 # R A B . RA
Lepera H@EMAIXAF Cu & EAEREEALHT
JEME, OM TSR] gk R ARy KEE, M/A 458
HEEA, g 1. RE Cu s EEieE+ M/A
HICHIESRI AT mE 3 FrR. AT, Cu &84 0.24%
B, SRS A — e R M/A 4150, JBAREELL
BURLAR . /NPOIRAIZOIRTFEAE; B Cu & e nE) 0.53%, &
AR M/A GocHut i B, Bk 3 E LSRR
RE. A% 2 f Co FRTERSE T ARRBR M/A
TR & AT T 400, 48R, Cu iy 0.24% i,
M/A 4eH B &R 0.62% (R 5D), Hevhdutk, &
RABORDR M/A ZHoCH & 845510 0.16%, 0.14% Fi
0.32%; i Cu &N 0.53% MmEEseEs, M/A 456
RSy 0.31%, I HLABURCR R .
2.4 RFBKEIFE

A Cu &SR PERRCR IR, AR N
RIS, BEFRABEIAAL. FRARKMN fee 45,
A RAFR S, RECEIEFERIER. & 4 AR
Cu S EERESEPRABAEIE, B KEHEER
# bee 4t BIRALR (ASCPRERIRREREERAL),
F AR fec AL (FRARRIRAE). WK 4 TR

B, Cu RN 0.24% F1 0.53% B, A REEKER
SR R A AE DRI R R it Sk 2 (6], B A5,
Hrt EBSD R4 H WM TIRE, XHEREE Tk
BIRAESRIIT TS, 455RERW, M Cu S&h 0.24%
B 0.53%, BARKEKYEE (RESE) i 0.3%
Rz 0.5%.
2.5 DAL RATTHIE

Wit TEM W & BG4S R A2k DR A
AR DR AR E B IR SRS ARAE. X F X PO o454
FERRASEWAAL, HW AT KRR &R
(packet), #iacHe (block) fiARsk (lath). @it EBSD
HARTT A B AR SR b4, A SCHE S A M >15°
BRI, SRR Cu & TR R
KRBT TINS5 & EBSD H#REIA
[ Cu &GRSR PR E e R, HiEaf
(111) By, Lo 3R (001) Hea), spflak (101) B,
Mz A AE >15° A, MR HRaR
Z%Fm. WE 5 FELLEH, B Cu & AR, Sk
BB MR %, AR ETEmE 6 FiR.
A, Cu &k 0.24% F1 0.53% B, AR SHe R ~F R 1E
BAE; M Cu &N 0.53% B, MR HE 3 pm DI

LI T

B 3 AR Cug&EFMEREF M/A AT 5040
Fig.3 Distributions and shape of M/A constituent in the weld metals with 0.24% (a) and 0.53% (b) Cu

B4 AF Cu &BFKEEFRARKER 24
Fig.4 Distributions of residual austenite (AR) in the weld metals with 0.24% (a) and 0.53% (b) Cu
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BRI S R 2, WARE T4, SRR
BRCF#Ef TS AT B Cu &k 0.24% H§mE)
0.53%, B Ak RSP 2.03 pm FREE] 1.90 pm.

MREAEARI AR, KR T MR R S e o0 2
oh, R Tz — B 7 2ARRF Cu EMEERS

JEBURSE R TEM 4. TTRE H, Cu &2k 0.24% H
0.53% I, M2 WASHIAH/INEUR, SM AT SEACHRIRAS. XF
i Cu & BAE SRR LM E 40—60 Mk, M
RABII ATV SR, XERRAR TEBE AT BAR IR A 140 58 BE
Tt St 4R 8 frx.

B 5 AF Cu &EIEMEE AR AT G R
Fig.5 Orientation and unit color maps of effective unit of the weld metals with 0.24% (a) and 0.53% (b) Cu
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Fig.6 Statistical distribution diagrams of bainitic block in the weld metals with 0.24% (a) and 0.53% (b) Cu

B 7 BRERIIESRE
Fig.7 Pattern maps of lath of the weld metals with 0.24% (a) and 0.53% (b) Cu
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Fig.8 Statistical distribution diagrams of lath width in the weld metals with 0.24% (a) and 0.53% (b) Cu

A, Cu &R 0.24% A1 0.53% B, sk 5B Ai
A, Cu 4 0.24% B, B2k 58 B4 An LB M rp
7 0.1—0.8 pm Z[&], Wi Cu &K 0.53% B, sk
JE AT FEEARFLE 0.1—0.5 pm Z [8], ARAFE BB AR
4. XHRH T AT, 45REN: W Cu &
i 0.24% 5mE| 0.53%, MAH 5 E 2 TREEY, h
0.24% Wiy 0.39 pm FREF] 0.53% B 0.36 pm.
2.6 BREEENPEEME

MHEBEEHEFT 50 Crpilises, ZBEEE Cu &
B Z, BEEE 50 CrdiishE3 il B3 -
fofats. Cu &k 0.24% B, vl s i 218k
113 J, s s A RO RCK; % Cu & &ikF] 0.53%
B, SRR b R B E TR R 143 J, 535
KAE, [t p R B 8RN, 5 Cu &l 0.24%
B (113 J) A, s R e EEm T 30 J, #K
TREER 26.5%. WEEE R RITIRE Cu & HS N £
BEAEX ARV EEeES Cu RIS
AR R r A B GE
3 g
3.1 Cu XH8%EENFm

SRRt PR PR A 52 IR R, 123 AE DU e [
R, Kl LORHE) -y (BIREK) — a(BREREK) 82
SRR, T AHAS WAL BE ) e I U B e KR 5 6 B Ak 22 Lo
BHIR R, YR HIHER—EH, HAEE FERR T
LAY BT AR LIS AR B AL R AR B S BUR AR R
B, ]S K S A 0 e 4 1 SRR e A A 1L B A S e S AH [
9. HEBR T ¥ B AR R Z A ARSI EE R R, H AT EE
FEARGERI AL B SRS IR B SR, R 2 FIEH, M
BeE PR Cu S RABEFENAFRS, HECRNEEHE
AR FRTERITE Cu XARASIR B B .

K THIE Cu XARZSWRERIVER, KRR
Cu gEAHH 0.24% 1 0.53% HIIEEEIEHET TR

(a)

Displacement, mm

L L L L
500 600 700 800 900 1000

Temperature, °C

Displacement, mm
w

500 600 700 800 900

Temperature, °C

B9 AR Cu & FaMemE i Sk £

Fig.9 Thermal expansion curves of the weld metals with
0.24% (a) and 0.53% (b) Cu

REASTFIRIREE Acs IR IRIRFARG IR At ML,
LY P KT 2R LI 9. XS5 5 2 # AZAK i 2k 1
ZRULTEHURAL KT, BV 242 i v 2 {80 1E 6 RV ik A
TFROLEAEAN Act, WBE BT, BOEFUIKS IEH SRk
FFHEOIEAER Acs. Cu SR 0.24% 1 0.53% B, A
ZrH14 640 A1 600 C, Aqs 43504 810 1 790 C, B Cu
HHA 0.53% HEIREIRIT Aa Ml Acs, 5 Cu &iLA
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0.24% MM EML, 45 TR T 40 1 20 C. X —5¢
WZEFAES: AR T Cu SRAN i, XHHASIRE K
MR B VE . AR R F R Cu i Tt
v B R R e (190,

3.2 Cu % M/A Atiismesm

W Cu & 0.24% HAE] 0.53%, Kotk U ik
M/A gich¥ih 0.62% WAF] 0.31%, FERs /N
R SORFBRCREEE (A 3 FiR), M/A 4eH0R;
DHRIEAE EEY Cu & A3 I B R ARG AR R B b
A%, DT DL R AAAR A Bt B b 2 PRI o 1201 I
PR A pI R F BLR DL [RIRER RMR (BF) MBS B
WA, BT URARARARIERE KT 550 C, FEMIREE T,
BT C RIS K P BUSN, Fe I MA & SCR R THAR
REXEAT BRI B, TRIAE DL Rk R 5 K KA 1]
B, RS DR R gk R AR C K& C My Bt it %44
HaEd Cu i 0.24% B, MBI RARFE 2SI 46 1
FERE, C KRBT BILRAS, TR RE R,
C ATLA A TR RN o/ FHASEITHTI ] v IR JF
WA RKES C FETE, E4Retl. DRAdE
Ay, R e by IR R, 75 e It i, § C
BRI LA A SRR, A M/A Aei R AFE R
HEER. NIREMEEGEERS, RARRKERE C
HilZ, ™ME M/A 404302, mH M/A 4150
MR G KK BRI 2R, Wil 3a FFs. T U4EHE
@R Cu &3] 0.53% B, i1 F Cu S L Ein
FCARRY R v b, (R (e DL IRARARAS W A6 R ARG, C Y
KB HOR A, mARKAET C &L, )58
AHE T, SR M/A AeiB0REL, [
SRR BERI AR, (EARASIRS K, M/A 4eH Rtk
BERRE U, mE 3b .

T M/A ZeEE A IR R A B2 XA A
T ERA TR, ST M/A ZUCEaRxT kLt
RERYSEIR, ZEBFITUCH, B C it M/A B7EAE, BiR
TAPRIFEAR A S, AMUAERER AP N SR, T
FEWT S B A B B A TR 248 A IR LD HOE 8, F4
A AR TR T, H BB XA B b b e
Ay 22,

XF M/A eI RA A e, SCk (2,
23—26] I\Hy, SRIEFMBLR M/A 40 ek M/A 4
JCPEERfEERE R, SR [27] MR AENASE, K0k
B M/A 415653k 2 8] B 58 128 5 7 A ieas T A
o, BN REIEER, FEEHRARE M/A AiA5 R
HABRKHBEER S, SEREKKHEBIT, &
BSRFR I ST PR AR v . SOk (1, 2 F 27] dk R
Petky M/A ZcxH A 8 BENREE, f£4 Kk
M/A 4CHTEN T, MEASE ek EERTOR M/A 4
JCE BRI A b, BN B AL T SCHER [27] A

HBRCRIREM TR M/A 2050, RGN I RFTELR
a0, Xt p R IR ERUD.

H A AT ATAN, 24 Cu &8k 0.24% B, g1 M/A
AICHBERRZ, 3 HA/NORFIZR M/A AICHTE7E,
SEH IR WY Cu &K 0.53% B, 5
Cu &R 0.24% BHEE, H M/A 4oc8iEms, 3FH
TR E B UBORCRN E, B b A LR .

3.3 Cu XRFREKEFHTIRN

FRAR RSB ARG D R, KRR AEFAET
HEEETREMRRAZAL. Cufith 0.24% Wy N IR
AR EEEE ST Cu iR 0.53% HHEy, B IR
RGREERFZRE C A MR EHEA S & B A Bk
o, SECHFE R KA C SEA C WM. MK
&k C SRR, K C B RS TR
 M/A AR ASBORRE N T C RIS N, {5 DR
RARAS AR (B 5 IR A6 AR 20, WS IR
PRAIATELEE B =, W TR A A L QA 74 A B ) 6 2 Dy
IR, SRR TR A ISR & s

i Cu &4 0.53% B, i T DU RAMASTT SRR
FERR, DIRAEATEE C (ESRED, BR CH
EHEEWD, H30E [1] W\ Cu AT LARERD, [k A5 1Y
WIGHWLEE, B IRAPIIREE R R, (40 C MW
BHI R, F78 0 O AR AR, WA R AR
BRENIEYgTe: P

TEM WEE R WL, WEHE)8 PR ER R IR AL,
FeAs DL ERRTFAE T DU IR B K AR A% (8], (RISt F
RS NAE R
3.4 Cu SHALMILIER

M 5 17 AL BE Cu & BRI IN, SRS
WA/ MR, BE Cu SRS, B&eE+
T45H BTG B AL A JR R B S AR AR IR PR 56, 4
BT v — o $ARRY, REH HRELAR B & N BEE AYAR
AEBARPIRSFEAS. B 10 AR B IR AR DT R AA

s

l 4G,=G,-G<0

Free energy

[0}

T

&)

Phase transition temperature

B 10 BRI RAM E bt SRER AR EE
Fig.10 Scherlatic diagram of free energy of austenite and
bainite (AGy—ifree energy difference from austen-
ite to ferrite; Go—free energy of ferrite; Gy—free
energy of austenite; T\—temperature of theoretical

crystallization)
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A E R E R E R, BARRARMERE, A
AR B T BERYME, B 2 ZRih &R 3R BIRAA
DURMRAEARAZ I B i BERE IR AL %, AGy R
PR RS IR AL B i RER, Tvm RmEIR
PRFEAN DL RARAR B i REAR SR R 22 RS, R LR
PRARFN DU IRARARSEAE, FEREAT [E SARAR RS, HOA iR
8T T W, BEIRAAHH i DL AR $ A8 74 BRI BEA T
Y Cu &&h 0.24% HF 0.53% W, T H’IT
RER e, D IR AR I B A, BRI ER R
HAEME (Go) SRREAME (G,) ZEEKR H
AGvy(Cu=0.53%)>AGy (Cu=0.24%).

RIS BIEZEL P8 WH, FH IR R
Y 5 AGy FEWMTRE:

Y = 20/AGvy (1)

R, o REMEAIEERE AR (1) TH, %
5 o BiEH, M5 AGy MEH. HE % o R
AR, AGy Bk, LR R R SRR T
A, B AGy(Cu=0.53%)>AGy (Cu=0.24%) K,
Vi (Cu=0.53%) <, (Cu=0.24%).

UL RS o R — R R R B, DL IR A
TAZLIG, HR A R ph - o, T W B i v
SERY B EER L, NERFAG R IoEE 2. 5
B K KRR SRR RN B0

v = voexp(=Q/(kT)) 2)

K, v BEZITFHRAKER, Q MY HUKIGHE K N
Boltzmann #¥(; vo HHEEC T IR RE.
HTHETFME v 5 T KR, MR (2) #TEdRL
T, FEREE A FE R BOHEAT T TR LG, AR
Bl 11 s, WEHAIE ), FEARASIR B PRI, i1
KRB FEIEHCREE IR, BRI, SRR

Rate of growing

T —

11 FETPHRKERMEAH R EB R ER
Fig.11 Relationship of mean coarsening rate of crystal nu-

cleus and transformation temperature

KRBFR/N. X F B 5 AR IR B A PG S B BoE
FEARA G, [ DL RR SRR AR AR R #e, 2t Bk gk
EikmHE C o, HEEHEZLAr C ¥ 8 A Er R
[, AR K KBS T ARAS IR B9 FEAIK,
i C WP B ERE, CZHN I RARESRE AR KHER

WL BRI LA, 4 Cu &k 0.24% H4hn
£ 0.53% B, T Cu 850 T BICARE TS, KT I
[RRARASIRBE, AR Go 5 G, ZEMK, WM T I
FEERST; FEE, AR R PSR T C P HGH
E, [ OEEH SRR HEER R, RAAELT IR
WEITRSF, #f Cu &8 0.24% #n%] 0.53% K,
YRS 2.18 pm OS] 1.99 pm, Mk 985
i1 0.39 pm J/PE] 0.36 pm.

MR A BRI 26 WS o R B AL R R B, el Al R A
B 2% 0. 50 I L B AT B R 3 2, AR SR S
B A EHE R MR AERA (MAAE >156°), F
M EBSD #ARXMAR Cu &EEHESENSANHTT
PO, el AR mE 12 frR, BPRRRERAAE
>15° Wydk A, KA EBSD B R HTE R K £ B
RATT ih, S5RERY, BEeES Cu 'K
0.24% 1 0.53% B, KA B SRR B 51k 68.5% Fil
T1%. SATCH R B A R I EE SR AHRR
PRI INE . TR f B S A RS R A A AR A 1

;@ ?3’;‘__ S

B 12

A Cu & BIEHERE AR
Fig.12 Grain boundary distribution maps of the weld metals

with 0.24% (a) and 0.53% (b) Cu
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JiI Y, (ST RLE R, M EOR B AR SRS AR TR
S B LB KA BE R R, R TR B R AR B R, 2R
S RSP EILR, REY BT ES R ER R, S5
PREACHTT, HFEATRERIE L, HTXARAY oh Rl 4R

= 321

4 it

(1) Cu 4ri:ph 0.24% HHF] 0.53% B, I i4k /5
[k (M/A) 4ocs 0.62% WbF) 0.31%, HHIBHk
W H/NIOIR . SRR IBURDIR AR, FRAR IR RS 2.

(2) FIHAEZRCHIZR, XTE B m T I A A0 R B Bk
7 TR E, 2550380, %4 Cu SR 0.24% H s
0.53% I, BRI R iR B W 2 PR

(3) 24 Cu %t 0.24% #4nF| 0.53% Ht, i+ Cu
BT BIARRTaEVE, FEAC T AZASIREE, (EAEASRTER
EHRE (Go) SRIMEEHRE (G,) ZEEKR, BT
A SRR, [FEF, MR R T C My
RO A, (i CIeZ R SRR O e, A T AR
FIMEZER, 4 Cu &l 0.24% i3 0.53% B, #ik
PP RGEN 218 pm Jg/hE] 1.99 pm, AR FEEE
0.39 pm JE/hE] 0.36 pm.
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