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ABSTRACT The welding thermal simulation experiments were carried out on Ti/Al treated steels
with different heat inputs by using Gleeble 1500D. The oxide inclusions and microstructures in the
two base metals and simulated coarse grain heat affected zones (CGHAZ) were studied by using OM,
SEM and EDS. At a higher heat input of 50 kJ/cm the low temperature Charpy impact energy in
the CGHAZ of Ti treated steel (TTS) is higher than that of Al treated steel (ATS), and the impact
energy of TTS reaches 60 J when the welding heat input was 75 kJ/cm. The dispersed Ti oxide
inclusion with good high temperature stability in TTS can promote the nucleation of intragranular
ferrite, and the welding heat input of 75 kJ/cm has only little effect on the morphology, composite and
size of the inclusion. Whereas the Ti–rich nitride precipitated at the core of Al2O3 dissolved at high
temperature, which can’t promote acicular ferrite nucleation. The higher low temperature toughness
of TTS is related to the formation of intragranular acicular ferrite in the CGHAZ. When t8/5 ranged
from 40 s to 100 s, the volume fraction of M–A islands in TTS can be reduced and the ferrite matrix
microstructure can be refined by formation of fine intragranular acicular ferrite nucleated at Ti oxide
inclusion, and the hardness in the simulated CGHAZ in TTS is lower than that of ATS at the same t8/5

value. Simultaneously, the austenite grain growth became abnormal and the second phase particles,
TiN and Nb(C,N), were coarsened in ATS, resulting in bigger austenite grain size than that in TTS.
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. [1,2]. $9/(%)("+*))"*)0",&#"
!+,$-1, "!&+*..2", -/..&+*"
!$,3'4(,)3"&.

*0%+1-(,'+/&$Æ0'+, 1+/&$
,,'++&#$"#'+)-5.$/1-'+*/.

0/2'+,. -0.113+ 23-$2'3"/"
&-$14. 44,  .&+*"!50612/, "!5
17$,,'+5%#3.62, "!5627 (HAZ)
364"!562517 (CGHAZ) 78+1489$
"!&+*$2.674:., ;8"! HAZ $2'5
6/7 [3]. 78)4:, 9.5$ Nb, V * Ti $6<3
7 �9=4'++#:978+18, ;>78+14
:., ;?14*2'.<$@8+<:, 4&899$
:(3::, Nb, V * Ti $6<37;;:*53, A
++#;>78+14:. [4]. 6-&<==B$ Ti <
37+C;1>==:Æ+ (AF) ;>:., 1> AF <
:++#??"! HAZ $2' [5−8].

(<.D==< Ti * Al E=.@0>%+-"!
CGHAZ <:*2'$62, -1 Ti E=>?@0>%
+-,  @F&>;'$<==B$ Ti <37, + "!
CGHAZ &C; AF ;>:., G6??<:, +#"&
"! CGHAZ @82'.

1 >?@A
A?--1 60 kg @@A3A>?, 3,'= (A*

=?, %)!: C 0.08, Si 0.20, Mn 1.50, S 0.002, P 0.005,
Ni 0.20, Cu 0.30, Nb 0.01,Ti 0.015, O 0.01, N 0.003,
Fe B*, B& Ti E=-& Al B*5C 0.005%, Al E
=-& Al B*! 0.03%. -CBDE, "5# 1200 H
;@CDCD#E (TMCP) E=, F#1CD84!
1150—950 H, AF#1CD84! 900—840 H, EF
I;*.C 50%, 9!' 13 mm F$/, D!G=&D
C4&C! 20 H/s, GD84! 550 H. B& Ti E
=-B1 Si * Mn C<, F1 Ti C<, Al B* (A*
=?) 3HHC! 50×10−6 )/. Al E=-IB1 Si
* Mn C<, F1 Al * Ti C<.

JJCA?-$DD;@DK, "#' 10.5 mm×
10.5 mm×60 mm $EK. AG"!&, F0&*@FL
(;'�' HAZ, HIF0&$@F84!J<-$I
)&84 (1350 H), J7#$EF<:7453, KL!
"! CGHAZ. -1 Gleeble 1500D 5GHE?K;@

"!5GHA?, 5GHI&9G 1 >J. ) 150 H/s 4

B 1 �� t8/5 ��	
KMK�
Fig.1 Curves of welding thermal cycle in the simulated

corase grain heat affected zone (CGHAZ) at different

t8/5

&"5#LN84 Tm=1350 H, &828 5 s, )AH$
DC4&DC#L8, G6?#AH"!506 CGHAZ
<:. B& t8/5 !EK"!5IMDCG=& 800—
500 HIJ)I7(.3$:(. t8/5=10, 20, 40, 60 *
100 s =6.3 20, 30, 50, 58 * 75 kJ/cm $"!&+

*, $9 t8/5 :($2:, "!&+*2., 5GHEK
 &8799:(2".

!NM CGHAZ <:, 1LMNOK.EKO5)
OEPB, !'>)KNM1>)EFN (OM) NMGH
"! CGHAZ $EF<:, -1QR)N (SEM) *+S
P (EDS) NMOE<@F-5GH"! CGHAZ <:
&ÆQ;T-RÆ'==B, M1>)==U2 (SISC–
IAS) O*<AH t8/5 12/"! CGHAZ SV78+
1489. .@F;@<G −80 H#L8$KO84P
PQA?, NOE<AH t8/5 50612/ −20 H5G
H"! CGHAZ @82'. >)*QR<:-1 3% $

LMPLW-, .Q t8/5=100 s $"!5IME=$ Ti
* Al E=-EK, -1 Lepera 9XW-R (1% Y8T
SMZ +4% TNMPL;U) NM4=@8+<: (1
-EU8+/78+ (M–A) QRSX, :Æ+RRX, 6
37RSX). . Ti E=-;@ 50 kJ/cm &+*$"!
5IME, VODC# 650 * 600 HTT, NM<37C
; AF ;>[W.

2 >?CDEFG
2.1 HIJKLMN

G 2a* b=6! Ti* AlE=-$@F<:. !<
U7 C "'$@F14P\, -1 TMCP (thermo me
chanical control process) ;@C9CDE=, )"&%
+-@F14, B<:)D!.3$:Æ+X+ (F)+ O
U+ (P) !P, YZE=-$:Æ+X+'=B9]*$
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M–A Q, ;'<]*$4=@8+<:, B& Al E=-
& M–A Q3V�S. AHC<E=+^$@F$EF<
:_+`EWV.

.W8X$KO84PP'+\)]X (G 3), GL
8# −80 H$84WT>, Y�C<E=+^$%+-

B 2 Ti 
 Al �����
"�
Fig.2 Optical micrographs of Ti treated steel (a) and Al

treated steel (b) as base metals

XY*X<.<$2'. ZPP84&C −60 H:, Al
E=-PP2'^&C Ti E=-, Ti E=- −80 H
$PPQ[ 75 J, &C Al E=-.
2.2 HIQRSTUVWXYZ[\]

. Ti E=-&$<37;@aQR==Y`,  -
UbIG=&, Ti <37B=X, :.E\Y+]*$
MnS =X (G 4a). 6 Al E=-&=X$Y0ÆQ.V
?!AZI;=, ]*<37!JCc;. ÆQ7&UZ
X3d$]=4 Al2O3, ZX3e$]=P,4 TiN ),
\Y+]*$ MnS ) (G 4b). Al E=-&[C Al R
Æ^\C<, Al2O3 B=X:., TiN F) Al2O3 !>

UY0:.=X.

B 3 2 ]�
_[\V]`K�
Fig.3 Changed curves of Charpy impact energy (AKV)

with temperature for the two base metals

B 4 ��^W��
^�fgh�
Fig.4 SEM images and element scanning maps of the inclusons in Ti treated steel (a) and Al treated steel (b)
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 SEM &=6. Ti * Al E=-EKX_ 30 '
_. 1000 a$&b, #0 EDS i94`!B Ti/Al $
<37, .Wc81 Coreldraw U2O*<37$89.
>YF$Y�-&<37ÆQ$44=Bj4[W9G

5 >J. \_, Ti <37ÆQ4`89P,=B 2—
3.2 μm, Al E=-&<37ÆQ4`89P,=B 
2.5—3.5 μm. `a [9,10] Y` AF a+ 0,89$
ÆQ7';>, 6YZ-&ÆQ74`89W6A., b
 3!0,89$WT.
2.3 ^_`aCGHAZbcdMN

G 6 ! −20 HGH"! CGHAZ PP2'$"
!&+*I3I&. [G\_,  &+*,C 20 kJ/cm
:, Al E=-"! CGHAZ $PP2',&C Ti E=
-; Z&+*&C 20 kJ/cm :, Al E=-"! CGHAZ
$PP2'74/7; 506! 50 kJ/cm :, Ti E=
-$"! CGHAZ $PP2'`E&C Al E=-;  
75 kJ/cm "!506:, Ti E=-$PP2'[#
60 J, 6 Al E=%+-PP2'NI5C 20 J.

G 7 4Q"!5IME$GH"! CGHAZ EFb
4$ t8/5 $I3. \_, $ t8/5 2., "!&5062.,
YZ-$EFb4X$L/7.  5&+*#.&+*$
7(, Al E=-$EFb4b.C Ti E=-, BEFb

B 5 Ti 
 Al ����
���]�

Fig.5 Distributions of oxide inclusion size in Ti treated

steel (a) and Al treated steel (b)

4Nc&X HV40—60.  t8/5=10 s :, Ti E=-e
&b4N! HV270, Al E=-e&b4N[# HV330.
dP,4[C Ti E=-&;'3V) Ti <37!
>U;>:.$:Æ+<:, d �9=4'7@<"!
CGHAZ $b4.
2.4 RSTfghiMY^_`aCGHAZJK

 Y�-$>?G=&, Ti * Al <37b UJ-
Z&;', (Nb,Ti)(C,N)*MnSI IJ)IG=&;
'. <37$&8[9'62VODCIJ)IG=&:
Æ+$;>(:. G 8a * b !Q t8/5=100 s "!5I
ME$ Ti E=-a\ÆQ;T-+S. \_, ).@F6
e, Q"!5IME Ti <37$;T+'==B-89
X(]I3. 6 Al E=-Q t8/5=100 s $065IM
E, @F&) Al2O3 !>U$Y0ÆQ&]= TiN b(
<;:, <37ÆQ89I5; BGH CGHAZ &a\Æ
QI) Al2O3 !>U, ]*c Ti <37* Nb $637
 BjT=X (G 9).

<^ [11] .&6-&d>_ÆQ:Æ+;>+,;
@<`a, Y`-&<37ÆQ$;>+,\X+RÆ+

B 6 −20 d	
� CGHAZ _[��V���`K�
Fig.6 Curves of the Charpy impact energy in the simulated

welding CGHAG vs heat input at −20 e

B 7 	
� CGHAZ f]V t8/5 `K�
Fig.7 Changes of the hardness in the simulated welding

CGHAZ with t8/5
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B 8 Ti ���� CGHAZ ���
 SEM �` (t8/5=100 s)

Fig.8 SEM image (a) and EDS (b) of the inclusion in welding CGHAZ of Ti treated steel at t8/5=100 s

B 9 Al ���� CGHAZ ���
 SEM �` (t8/5=100 s)

Fig.9 SEM image of the inclusion in welding CGHAZ of Al treated steel at t8/5=100 s (a) and EDS of positions

1 (b), 2 (c) and 3 (d) in Fig.9a

e.  B Mn -&, * (Ti, Mn)2O3 +akjTX+&
$ Mn S:;'l Mn 7 (MDZ), J#%$ Ti <3
7++#C;:Æ+;>, 6 ] Mn -&IA+C;
:Æ+;>. 4 B V $&<-&, VN +fc MnS
* Al2O3 ÆQYaC;:Æ;>:.. <^ [12] .
Si/Mn/Ti C<@6-$==?X, Ti B*G 20×10−6

2"# 110×10−6 $G=&, -&<37ÆQ$mf)G
MnSiO3 kI! Mn2TiO4 * MnTiO3, Z Ti B*g
G 100×10−6 :kI! Ti2O3, Nn MnS 5)B!>U
=X. Byun , [13] 4. Ti C< C–Mn -& Ti <3
7$;'[W;@<==, Z-&$ Ti B*G 20×10−6

2"# 110×10−6 :, <37ÆQ$mf)G MnSiO3

kI! Mn2TiO4 * MnTiO3, Ti B*gG 60×10−6

:, eE;' Ti2O3, N Ti2O3 jTb*< MDZ. *

(A?>? Ti E=-&$ Ti RÆB*! 150×10−6,
.C 110×10−6, g;;'$ Ti <37! Ti2O3. <^
[14] -1 Bonding d=A?.B Ti @6-& MDZ $
;'K=;@<bc, b* Ti2O3 jT MnS $fcNd
MDZ ;'$h,12, * Mn3+ \ Ti3+ $i`X()
,, Ti2O3 &$ge:@d+akjTX+&$ Mn S
:,  BjT;' MDZ, "&< A3 84, C;< γ → α

)I, G6Co AF ;>:.. >) Ti E=-& Ti <3
73! Ti2O3, Ti2O3 &8'+[9n VODCG=&

C; AF ;>:.. Al E=-&<37P,4) Al2O3

!>U$Y0ÆQ, &8/A[9, ;b(=:, A+C;
AF ;>:..

G 10a * c ! Ti E=- t8/5 ,C 40 * 100 s
:$GH"! CGHAZ <:. Z t8/5 35:, D43f,



� 1 � ���� : Ti ���!��� �  "!!�# �� 67"

B 10 Ti 
 Al ���	
� CGHAZ g���"� (t8/5=40 s 
 100 s)

Fig.10 Metallographs of the welding CGHAZ in Ti treated steel (a, c, e) and Al treated steel (b, d, f)

(a) t8/5=40 s, lath bainite (LB), proeutectoid ferrite (PF) formed at austenite boundaries

(b) t8/5=40 s, fine LB and F formed

(c) t8/5=100 s, amount of LB decreased and granular bainite increased, M–A island grown

(d) t8/5=100 s, granular bainite increased

(e) etched by Lepera reagent, t8/5=100 s, black zone corresponding to carbide

(f) etched by Lepera reagent, t8/5=100 s, denser M–A island

78+1>P,;'$4.M/1@8+ (LB) <:, B
h=:Æ+ (PF) BV 78+18('. $9 t8/5 $

2.D4Ip, LB ?*h], 4=@8+?*2V, Z
t8/5≥40 s :, P,;'$44=@8+<:, NnDC4
&$p, M–AQ$=B$]e, nM–AQ89`EI..
G 10b * d 4 Al E=- t8/5 =6,C 40 * 100 s
:$GH CGHAZ <:, t8/5 35:,  78+1>P,
4;'.M+e$ LB <:, Z t8/5≥40 s :, 4=@8
+<:li2V. G 10e * f !Q t8/5=100 s "!5I
ME, -1 Lepera 9X1-R. Ti * Al E=-W-N
M#$GH CGHAZ <:, B& M–A QRSX, F RR
X, 637RSX [15]. .D 10e * f b*, Ti E=-&

$ M–A Q=B3!fg, 6 Al E=-&$ M–A Q=
BD3Mj.

. Ti E=--1 50 kJ/cm (t8/5=40 s) &+*"
!5IM, Z84VODC# 600 * 650 HTT, >?$
Ti <37C; AF ;>:.;T9G 11 >J. Y`k
I84! 600 H:, AF BV) Ti <37!>Ub=:
., kI84! 650 H:b=;>:.$:Æ+<:hX
(;'.

SEM NM t8/5=100 s $GH"! CGHAZ <:Y
`, Ti E=-&) Ti <37!>Ub=;>$ AF 'X
(] M–A Q;' (G 12), .*;>:.$ AF ;><
M–A Q$;', N=O.3<1>:Æ+<:. 4 Al
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E=-&Ab*+<37C; AF ;>:.<:. <^
[16] iX, j<78+145357@"! HAZ 2'h,
:Æ+X+ M–A Qac=?$2"45Em7@"!
HAZ $2'. *) Ti E=-&[C1>:Æ+$;>
:.,  �9=4'j!< M–A Q$;', +MC"!
HAZ @82'$"&.

4=@8+ik4i[:Æ+X+*=B B'$
M–A 5QhH;'$<:, dS M–A Q[<==B$
U8+*lB78+<' [17]. "! CGHAZ &4=@
8+$?**89462B@82'$8,*Æ. )e`
a [18] Y`, 4=@8+5Em7@-$2', dP,4

B 11 600 k 650 dmi� Ti ���� AF l
���
����

Fig.11 Morphologies of acicular ferrite (AF) nucleated at Ti

oxide inclusion in Ti treated steel quenched at 600 e
(a) and 650 e (b)

B 12 Ti �����jjk SEM k, �q
����
��� (t8/5=100 s)

Fig.12 SEM image of acicular ferrite nucleated at Ti oxide

inclusion after welding thermal cycle for t8/5=100 s

*! M–A Q&lB78+2 C E;;'Æ @8+\
:Æ+L($k1U8+,  B8a'*(EFllNO
n'$ M–A Q\8dm. +l(, [19] `aiX, �
912/'+4=@8+<:$-+5.$12'r0,
M–A Q$;=+?*+89*=B412'$m9*Æ.
$ M–A Qn*2", 5Qm:-Q(nh5, 142";
$5Qn*h], 5Qm:h5, Q(n2", 2'"&;
 .50612/, ). Al E=-6e, 1>:Æ+$;
>:.o TiE=-"E<:& M–AQn*3],Q(n
2", 4=@8+?*3], "&<5GH"! CGHAZ
$@82'.
2.5 ^_`aCGHAZopqrsZ[

"! CGHAZ 4"!!neos$Mo, *IJF
0&, <:53H8, ;;82'56/7. Ti * Al E
=-"! CGHAZ SV78+1489$ t8/5 I39

G 13 >J. GH"!LN84! 1350 H:, $9 t8/5

2", "!5062", CGHAZ $78+14Am:..
Z t8/5 5C 40 s :, Y�-$SV78+1489X7
4:., B& Ti E=-$14:.44,&C Al E=
-, mb4`G 70 μm 2"# 110 μm. Z t8/5>40 s :,
Al E=-$78+1489:.3!74, `E&C Ti
E=-.  t8/5=100 s :, 78+1489[# 160 μm,
6 Ti E=-$78+1489 129 μm.

M15,,U2 Thermo–Calc -B-:Fp?q
r TCFE5 Fo< Al E=-I;RÆ=XmfI& (G
14). Fo#nY`, Al E=- &812/tB=X$
43V$ Ti * N RÆ, Bp=X Nb * C RÆ, ;;'
TiN * Nb $6<3778)4:. .CQ)H"!5I
M$ Ti * Al E=-, ?-:C!-& Ti B*X()H.
SEM ==-&$ÆQ'=\n, Ti E=-&P,;'$
4 Ti <37*]* MnS Y0ÆQ; Al E=-&P,;
'$4) Al2O3 >U, jT4c Ti $ TiN *]* MnS
$Y0ÆQ. * Ti E=-&.]=$ Ti * O o3('

B 13 	
 CGHAZ ����V t8/5 `K�
Fig.13 Variations of the grain size in simulated CGHAZ

with t8/5
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<<37, g Al E=-X+&+3VcB$ Ti, ). Ti
E=-6e Ti \ N $'=D/&, ;;'.5$ TiN
78)4:. SEM NMb*,  Al E=-@F&<==
B3V$+\ TiN 4:, B.5 80—300 nm (G 15),
6 Ti E=-&$ TiN 4:3].

-&78)4:$?**89. CGHAZ 78+1
4:.$;>71\)1 Zener p^;@Rp [20]:

Fz =
1
k

f

d
(1)

^&, k 4 Zener K?, d 478)4:J`, f 4+c=

B 14 �osuqq� Al ���^�`r���tqur
Fig.14 Evolutions of element precipitated amount in the

Al treated steel during solidification calculated from

thermodynamic database

B 15 Al ����� TiN `r��
Fig.15 SEM image (a) and EDS (b) of TiN precipitate in Al

treated steel

?. 78)4:J`*?*m9<B.78+18$:9
,.5, sd+c>?*$V, 4`$5, ;>78+:.
$71$1.  "!5GHA?&, t8/5 35:, &8:
(993r, Al E=-&$ TiN * Nb $6<3778
)4:+s+#:978+18, ;>78+14$:.,
*) Al E=-&$14895C Ti E=-. t8/5>40 s
:, &899:(3:, Al E=-& TiN * Nb $6<
3778)4:b(53*;:, A++#;>14:.,
1474:., g .&+*"!506:, BSV78
+1489.C Ti E=-.

3 CG
(1) Ti * Al E=-@FX'+.<$@8PP2

'. t8/5 35:, D43f, "!5GH517 (CGHAZ)
P,;'/1@8+<:. Z t8/5≥40 s :, P,;'4
=@8+<:, n$9DC4&hp, M–A Q$=BvC
]e, M–A Q89I., Ti E=-$ M–A =B3 Al E
=-fg.

(2) Ti E=-@F&;'<) Ti <37!>U"
]* MnS t9=XÆQ, t8/5=100 s (75 kJ/cm) $"
!506.B;T+'=-89]62, '+.<$&8
[9'N+C;==:Æ+ (AF) ;>. Al E=-@F
;') Al2O3 !>U, htt9c Ti $ TiN =X*\
Y]* MnS Y0ÆQ. t8/5=100 s $"!5IMoht
Ti $<37=:, 4`h5, A+C; AF ;>.

(3) "!&+*.C 50 kJ/cm :, Ti E=-
"!5GH CGHAZ @82'`E&C Al E=-,
75 kJ/cm "!506/B −20 HPPQ[ 60 J. .B
-1 50 kJ/cm "!5IM, VODC# 600 * 650 H
TT, NM#3V Ti <37C; AF ;>:.<:. Q
t8/5=100 * 60 s "!5IME, "! CGHAZ &;?
< Ti <37C; AF ;>:.<:, 3V$1> AF <
:h]<4=@8+?*, .3X+:Æ+<:, B@8
2'?#<3."&.

(4) t8/5<40 s :, *5IMG=& TiN * Nb $
6<37++#;> Al E=-78+14:., B1
4:.44,5C Ti E=-, mb78+1489G
70 μm 2"# 110 μm. t8/5>40 s :, Al E=-7
8+14:.44`E&C Ti E=-, * TiN * Nb $
6<37b(53*;:A++#;>14:., 147
4:., t8/5=100 s :, B CGHAZ &78+1489!
160 μm, `E.C Ti E=-.
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