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Fig.1 Welding process and weld section diagram
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Tab.1 Welding process parameters
T SRR R 2 i
Welding Welding Welding speed/ Layer
voltage/V current/A (mm/s) temperature/°C
23~27 163 2.75 140~150

R AR AE B R R TiCR & B AT S B, R
JEIE Ik I AR 42 4 8 T A% B UL R A B 0 4K
MRE L RN 2 PR o

K2 RESENAETRESE
Tab.2 Alloying element content of the weld metal %

C Si Mn Cr Ni Mo \% Ti Fe

Ti0.01 0.07 0.23 1.74 0.09 2.79 0.66 0.006 0.010 #%ig Bal.
Ti0.03 0.08 0.30 1.78 0.12 2.78 0.73 0.009 0.028 #xig Bal.
Ti0.06 0.08 0.35 1.40 0.10 2.83 0.69 0.009 0.059 #xiE Bal.
Ti0.08 0.08 0.57 1.44 0.11 2.67 0.65 0.011 0.078 4%z Bal.
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Fig. 2 Sampling position and sample size diagram
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(a) Ti0. 01 columnar crystal zone
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(b) Ti0. 01 reheated crystal zone
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(¢) Ti0. 03 columnar crystal zone
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(d) Ti0. 03 reheated crystal zone
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Fig.3 Microstructure observation results of Ti0. 01~Ti0. 06 weld
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(f) Ti0. 06 reheated crystal zone
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(a) Ti0. 08 macro metallography
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(b) Ti0. 08 columnar crystal zone
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(¢) Ti0. 08 central coarse crystal
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Fig. 4 Microstructure of Ti0. 08 weld metal observation results
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(d) Ti0. 08 inclusions and precipitates
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Fig. 5 Scanning results of inclusions and precipitates in weld metal
with different Ti contents
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Tab.3 Changes of hardness in different regions of weld metal with
different Ti content

B FEARR, X RN LR X
S eciu;en Reheated crystal ~ Columnar crystal Central coarse
P zone/HV zone/HV crystal zone/HV
Ti0.01 274 316 —
Ti0.03 303 318 —
Ti0.06 286 292 —
Ti0.08 303 305 350

2.2.2 FBAPIKIEL B o AL

G A0 R Tik TR S B R RE A e B R
R I S2 I, 2% 4 A TR) Ti 7 6 R4 4 R A gk
o Hod TS 8o 0. 019% I, 4% 4 8 e i IR R
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866 MPa, JC ik i MR 4% S5 VE e Jsi ) . B4 5 Ti
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I TE B, Jetk PR i B 5 B o ot B 3k 28] e L, JE A 83k
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Tab. 4 Strength and elongation of weld metal with different Ti

content
A it e it 2 P e TR
Specimen  Yield strength/MPa  Tensile strength/MPa  Elongation/%
Ti0.01 821 866 18.5
Ti0.03 894 958 20.0
Ti0.06 868 939 23.5
Ti0.08 938 998 18.2

XF 7AW O R4 SEM LR, g5 & 6. & 7 it
Re MTigEN0.01%.0.03%.0. 06% i, i fHi 7 11
REFHEX (A) MBI (C)F4 B AR T 1T, 2F 4 X
K S5, 59 V)R B UYL 2 U R K
EIES . TR EFET Y Ti & /N T 0. 06% B, FEAARZH 21
SRR DL TG RN EIR BR R A4, LA Ti % f i3S,
R DL AAR B 0 R AT BR Ak 2R AR o T
i, B A AR AR R AR B T 43 AR Al Ak i
BLRCR SRR AL T R 1 YAt s i . I
Je AR B AT o B 5 A A 3 ] DA [ R, LT
M A AT IE L T K EMEE . M Ti&a
HE— B FN 0. 08% Hf, S AR A W7 11 5 4% Ti 7 44
AR, R4 X (A) B X (B) F1 BT U] s (C) 1
B, I 24 X5 5 U) R R S A & A B AR Ak il
S DX S8 A i 1 fir B DT A A A b T DAL BB
A AT B V5 BOR AL o R R FE T T R A F)
0. 08% H, KL A Al % DU ERAR T 72 an R Ak R AR —F¢
R R S A A, HLp e 224055 0T A Y RE
A3 RIS, MERE 4 TIN 78 Ti0. 08 ikE Hh & A= KT,
FEZRAZ LA Aar B3 RO T3 B v, S S0b R & A A
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(a) Ti0. 01 % WL (b) Ti0. 03 Z Wi 1
(a) Macroscopic fracture of Ti0. 01 (b) Macroscopic fracture of Ti0. 03

(c) Ti0. 06 % WLWF I (d) Ti0. 08 Z WL Wi 1
(c) Macroscopic fracture of Ti0. 06 (d) Macroscopic fracture of Ti0. 08
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Fig. 6 Macroscopic morphology of tensile fracture of weld metal
with different Ti content

(b) Ti0. 01 5§ 4)j%
(b) Ti0. 01 shear lip

(d) Ti0. 03B H1/%
(d) Ti0. 03 shear lip

(¢) Ti0. 03 £F4EIX.
(c) Ti0. 03 fiber zone
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: / Dimple

77 % s 20 um

(f) Ti0. 06 V))&
(f) Ti0. 06 shear lip

(h) Ti0. 08 A IX
(h) Ti0. 08 radiation zone

(g) Ti0. 08 fiber zone

(i) Tio. 08 By Y
(i) Ti0. 08 shear lip
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Fig.7 Morphology of the tensile fracture of weld metal with

different Ti content
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BEIUR TIBIAX FRRAEMGR rh P H 5K
S R AN [R) Ti B 4% 4 JE FE-40 °CH-60 °C
o Py an e 5 fros . 2 S AL, Tio. 01, Ti0. 03,
Ti0. 06 AE 7ERIE T ¥ U T8 R A a1
11 Ti0. 08 I wh o T 2 R B, A 257,19 T,
£S5 ARATISEREELEE-40°C5-60 CTHEHII

Tab.5 Impact energy of weld metal at-40 °C and-60 °C under
different Ti content

s o) Impact energy/J
i Specimen
-40 °C -60 °C
Ti0.01 94 80
Ti0.03 96 77
Ti0.06 104 82
Ti0.08 25 19

Ry itk — 2R Ti & AR A TR e PR Y
S0, 43 DK Ti0. 01, Ti0. 03 . Ti0. 06, Ti0. 08 PUZH i ke
TE-60 °C T s Wt 1 A7 494 F B8 , I % L i 24
PRI RS XTE S, 25 AN 8 fir o 4 Ti & i /b
i, 24 S0 X A8 A0 7 IR ) 8 B AR L 5 B
AR B B AN, o AT B A o TR DX TOE S i 3
G5 PR s A R . Y TS K E 0. 03%
i, RS0 X 5 Ti0. 01 AHARL, 355 A R 9 5 40 225 i 2
-5 5 TR X SE A DA B AR RE R L A XK
DR RR BB FEAE . 24 Ti &N 0. 06% I, A] LI 2
RUFEA LK R, IR TR, P
b A B SRR e 22 W I8 75 Fe TS O X S A K
g i R L E B A I A B . Y T R iA
0. 08% J& , Wi 1 LLSE A ff BT 240 3, JLF Ay
R B LA , 16 BH Ti0. 08 I IR B %

XPAN[F) Ti F f 1 4 4 1) ol T 1 S RO 30 i
%L, 4811 SCL.SZW X, K J& 3 %F (SCL+SZW) K
5 ol D TG LA R s 9 B R . SCiHk[26]
& i, (SCL+SZW) K FE 5 b Dy G IE b, o 22
5 SZW K BE R IE b, a0y B 0y 45 SCL 1K i
BEAE H, B 9 B 285 SRl P LA S IE I — o

T A & 10 AT 401, AN TR Ti 35 S il RR 19 SZW K B %
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(b) Ti0. 01 HLHFIX
(b) Ti0. 01 radiation zone

(a) Ti0. 01 Z4&rs X

(a) Ti0. 01 crack source zone

(d) Ti0. 03 M IX
(d) Ti0. 03 radiation zone

(¢) Ti0. 03 L X

(¢) Ti0. 03 crack source zone

(f) Ti0. 06 ik 51X
(f) Ti0. 06 radiation zone

(e) Ti0. 06 LY X

(e) Ti0. 06 crack source zone

(h) Ti0. 08 U IX
(h) Ti0. 08 radiation zone

(g) Ti0. 08 ZLLIFIX.

(g) Ti0. 08 crack source zone
B8 -60 CTARTi&EHEHHFERER S X
Fig. 8 Morphology of crack initiation zone and radiation zone of
impact specimens with different Ti content at —60 °C
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Fig.9 Relation between the impact energy and (SZW+SCL) length
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Fig. 10 Effect of Ti content on SZW and SCL
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Effect of Ti content on microstructure and mechanical properties of 960 MPa
high strength steel weld metal

LIU Zishen' CAO Rui' JIAO Shishun' YANG Fei’ ZHU Yuting® ZHANG Kejing" LIU Chuntao’
Lanzhou University of Technology, Lanzhou 730050, China)

(2. Atlantic China Welding Consumables Co., Ltd., Zigong 643000, China)

Abstract: In order to improve the comprehensive mechanical properties of 960 MPa high strength steel weld metal, the
optimum content of Ti element in 960 MPa high strength steel weld metal was revealed. Firstly, four kinds of weld metals with
different Ti contents (0.01%-0.08%) were designed and welded. The effects of Ti content on the microstructure and mechanical
properties of welds were systematically studied by scanning electron microscopy, energy dispersive spectroscopy, tensile and
impact tests. The effect of Ti content on the initiation energy and propagation energy was evaluated by fracture observation and
fracture morphology. The results show that when the Ti content is less than 0.06%, the microstructure of the weld metal
changes from granular bainite to granular bainite + acicular ferrite. With the increase of Ti content, the content of acicular
ferrite increases significantly. When the Ti content reaches 0.06%, the tensile strength reaches 939 MPa, the elongation reaches
23.5%, the elongation increases by 27% compared with Ti0.01, and the impact absorption energy at —40 °C reaches 104 J;
when the Ti content increases to 0.08%, the formation of coarse lath bainite and the precipitation of TiN lead to a sharp
decrease in plasticity and toughness, the elongation decreases to 18.2%, and the impact energy at —40 °C is only 25 J. Ti
promotes the nucleation of acicular ferrite and improves the comprehensive mechanical properties by forming TiO, inclusions.
However, excessive Ti will induce the precipitation of brittle phase and the formation of coarse lath bainite, which significantly
deteriorates the plasticity and toughness.
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