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Effects of Ti Addition on As-cast y Grain Structure in Hyper-peritectic Carbon Steel

Shingo TSUCHIYA, Munekazu OHNO, Kiyotaka MATSUURA and Kohichi ISOBE

Synopsis

: Effects of titanium addition on as-cast austenite grain size in 0.2 mass% carbon steel cooled at 0.03°C/s has been studied. The average

austenite grain size was reduced from 4.3 to 1.9 mm by increasing the titanium concentration from 0 to 0.13 mass%. Two different shapes of

Ti(C, N) particles were observed in the solidified samples; one was a facet shape which were dispersed over the whole observation area and

the other was a filmy shape, most of which were located on the austenite grain boundary. Thermodynamic calculations and EPMA analyses

showed that the facet shaped Ti(C, N) particles crystallize at relatively high temperatures, while the filmy shaped ones form from the last so-

lidifying liquid in the inter-dendritic regions at lower temperatures. The latter Ti(C, N) is considered to provide the grain refinement effect of

austenite grain structure. The grain refinement effects of titanium are further discussed by comparing the results of 0.2 mass% carbon steel

with those of 0.45 mass % one, which supports the substantial effect of the filmy shaped Ti(C, N) on the as-cast austenite grain structure.

Key words : solidification; peritectic reaction; grain growth; grain refinement; carbon steel; phase diagram; CALPHAD method.

e

SR SR O AT S (CO)IREIZ L, Sk Z&fi 2 & tplific
W17 > T 2 KRR y SRR TR E v b . REK
WZFEE U 7o IR o 65 ORI 8 P oD BRI ZE 1 A I T & D),
CCHERHMICIERF TORMBNEZFRL T 2720, $hidy
FRE A DO L3 5 Z & 3o - AEENOR ED7-0 1
HEEHETH 5., TICghE y MO, %Dy«
ZRERFOMTEEY A b5 d y RO AN ¥ 5 2
T, akiOWML# ST 5, ZhW A, §hxdb y Hik
DHLIZZEREZ OO E R L1235 TE 5,

FRGFIZIEZ ORRICIG U T4 RIRIMEES & h
TWBA, mMT3EERICL-> T, RREICHT 3
m@%%,EV&&&?@%&,@I%%%@%TME
DIKTAEEMEL, KREEIET 2, R, BEEeE
WIRIRED y R R A HHIT 2 Z LA HMWE LT, @iRT
RREBYE VIEOR T 2R T 2 TCRICB L TL < 0%
Thbh &9, FlA2E 7L =g AWML Tk
o~y WZTERD y K2 b 2 ¢ 5 2 L A< 26 H 61
ThD, BILPEEIER y RIOVIHRIE ORI L T E5F
McE IR TE 7Y, 22860, EiRRAE %
Bl L =FEBRICBWT, #2400 F 7, ROV iLa=y
L EIRMU 2280 y RFHKAGIRE A, 7L I =9 A3 F
DI LERMUZEICHANRTENZ &2/ L, 20X

I FHINEMRE O y K RT3 2 I IMITT R O EHIR AT

HENTHED, BRTERELLE VIEOR AR EE 5
WITTRE, By MRRO M I & 2R & 8 fii4 % & ]
ffehs,

FH O OMZE I — 7T, 0.45mass% iR 2K L7
2V ROMIERZ1:20FLILTHRNT S Z LT, HHEE
0.03°C/s DAF AT EERE H 12 d6 1) 5 8538 y B AR 2 b 3 5
TeaWE LR, yRiZm/NTT v F 74 b REGH
P (Dendrite Arm Spacing, DAS)F£/% & T4 L, ZHULTIC
KU Fe,BOMM 2K 112 &k % ¥ v kRIS 2 &
Heam U7z, SHIZ, 0.45mass% ik BHlIZF & ¥ & BRI
L7z AICBWTE , F 4 VIR ORI I e
o y R 1 DAS FIFRFEE & CRifb 4 % 2 & &2
U729, 2 LT, ZOMMEIRIE, L+y+Ti(C,N)D 31
HAFFIRIZ BN TT Y B 74 MBI S H 3 % TiC, N)*v
FOEVIEDIRIZL B EDEER L, £, £T
2B W TUT A EREEL 5 2 & $F SR ‘*ﬂj:zcmky*v
MWIETBH, 0.45mass% K RHNZF 24V ARINT 5 &
T, MRZHFER y RUIIHIR L, 5P a0k IS5 il HoD flilt 2
yﬁﬁ%ﬁ?%vaéﬁibf%

EIORE T #120E, SRS & - T S M & 7213 235k

ﬁb’(}/*ﬁ HAf9 %, ZORETE y RO K2 HE S
NB N, ZREE JIZEEE 24 T U Cy AR 7 B LA

RUZBCRICIKETE 5, Zhw Az, kI, KRG
y R, y BALIEE O SO SFEIE &R 9 2 {2
W, FEARO K ST, 045mass% K F[HIZF & v #R/INT 5

K21 453 H27 B3z k21 455 H 22 HA3ZFE (Received on Mar. 27, 2009; Accepted on May 22, 2009)
*  JLEE KRRk (Graduate Student, Hokkaido University, Kita 13 Nishi 8 Kita-ku Sapporo 060-8628)
% 2 JbiiE K 2E K BE LAAFSER) (Graduate School of Engineering, Hokkaido University)
* 3 B HARBE (BR) Hethibr AT S Bt fii 728 (Muroran R & D lab., Nippon Steel Corp.)

629 I



$% &80 Tetsu-to-Hagané Vol. 95 (2009) No. 9

& BERE IS U 22 Ti(C N R A3 y R O REAAE & ]
L, bR s RT3 2 L 2HE L2, ZofiEcik
B BEAE T HISHRAR 2R TE L Cy M & SRTF L, B 3%
T U Ty BHM 2SI KO, 66> T, RO
FERTIE y R R IR LI < W& R CTi(C,N) K1
DEVIEDIIRER-Z L1255, ZHIZH LT, yHH
LRERE L, ZODITRREA LR T WEfEIZ s\ T
G RIBRICTF & VI & 2 HHIE R R E I E < 2257
LS BIE IS AR, F T CANIZE TIRBERE v #lR IS
W42 F 2 VIRMOEELE XD FENCRET 272012, ¢
HALIRE A E0 0.2 mass% ik il A xf G & LT, Wrdh#
J& 0.03°C/s DJF BRI FP IS TZRC T 5 y RIS 3% 5 &
VIO B A AL 72,

2. EBFH &

FEER L2 I 72 I 126 25 mm O AUA% i O FHL K % Table 11271
T, ThEMMELTFR-TIAEERML T4 ViIREE0
75 0.13mass% D TEL &7z, £/2, TV FF4 Ml
ik 59 5 720122 CORREHT 0.02 mass¥% DIk & I L
2o WO EREIZ130gE Lz, B 2N 35mm, &
45mmDOAPRTIL I FHIHZ AN, 7TV RIHR DK
HISICHF HIZ T 1550°C T L €T — IR L 22 4%
0.03°C/s DL THHIL 1100°C I 28 - 7z HFRi T, KoK
BALTRW L,

AR D 258 B HET I A s L U, S RWEIC 3%
A2 = LEACTy A S L, A= —Fv 7 7K
MWEMNTST v P74 M EBIE L 2, Ty Ko
tEd, &, SR AAAE S 2R OB 2 E L,
a1 D% D OIS & S Mg ff e LTHE L 2,
X 5T, Mol S R T O BER I L OV i B AT
FPEAMEE (SEM) J O X/ N 3 Bk (XMA, EPMA) %
W7z,

3. BRRUZEZE

3-1 0.2mass% CHINHFE yERMICHT 2 F 2V RE
()7 -

Fig. 1IZF & ¥ MR MaAKEH K UP0.09mass% D F &~ %
WL 725 0B D y Rtk 2 8, R T OO OIRIE T
Blid/hE <, F2 VIRMOABIZB D 5 ¢ RmEIZF#Ho y
ek BB S iz, F 4 VRO GBI 5 mm FERE
DMK % y fEER A BIER SN B2, F4 7 2RI L 72508
BV TIESER O A ZHHE 2IZID LT B Z ER
% F 8 VEMRISNT S y Kiski i d, 02 Lz
Fig. 215/ d . F 2 VRO yRiftid d, =43 mm & A
THHH, KifZF 4 VIHRMEOEMZEOEA LT,
0.09mass% D F & ¥ ZHRML7ZHA, 1.9mmF T/Hh &L

Table 1. Chemical composition of the steel employed in
this study (mass%).

C Si Mn P S Al O N

0.19 | 0.20 | 0.80 | 0.015 | 0.007 | 0.040 | 0.002 | 0.006

Fig. 1. Austenite grain structures in 0.2 mass% C steels (a)
without titanium addition, (b) with addition of
0.09 mass% Ti.

5.0
450
400
35}
3.0f
250
20} i
151

1.0~ - -
0.00 0.05 0.10 0.15

Ti (mass%)

Austenite Grain Size, dy (mm)

Fig. 2. Effect of titanium addition on austenite grain size
of 0.2 mass% C steel.

Fig. 3. SEM micrographs of Ti(C,N) particles in sample
with addition of 0.09 mass% Ti. (a) Facet shaped
Ti(C,N), (b) filmy shaped Ti(C, N).
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Table 2. Chemical compositions of two types of Ti(C,N)
particles (at%).

Ti C N (@] Mn Si Fe S
Facet
50.13 3.61 3569 | 9.56 | 0.01 | 0.02 | 0.98 | 0.00
Ti(C.N)
Filmy
37.54 | 16.00 | 19.19 | 17.50 | 2.06 | 0.14 | 6.09 | 1.48
Ti(C.N)
1600 T
_ L+ Ti(C,N)
£ L+3Fe L +5Fet Ti(CN)
2 - |
=} /]/ .
= | L+ 8-Fe+y-Fe+ Ti(C.N)|
a 1500 - 1]
g T o
g L +v-Fe+ Ti(CN) |
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1400 .
0.0 0.1 0.2
Ti (mass%)

Fig. 4. Calculated phase diagram of Fe—0.19C—-0.006N-
xTi system.
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Fig. 5. Calculated results of temperature dependence of
carbon and nitrogen concentrations in Ti(C,N) in
0.2 mass% C steel with 0.09 mass% Ti.
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Fig. 6. Dependence of austenite grain size on quenching
temperature in 0.2 mass% C steels without titanium
addition and with addition of 0.09 mass% Ti.
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Fig. 7. Micrographs of 0.2 mass% C steel quenched from
different temperatures (without etching). (a)
1440°C, (b) 1400°C, (c) 1300°C. The arrows in the
figures indicate unique phase observed only at very
high temperatures, which were called “high temper-
ature phase” here and then revealed to be the resid-
ual liquid phase.

Blggx =, Z LT, 1300°C » 5 2 L 72k (Fig. 8(c))
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Fig. 8. Micrographs of the 0.2mass% C steel with
0.09 mass% Ti quenched from different tempera-
tures (without etching). (a) 1440°C, (b) 1400°C, (c)
1300°C. The arrows indicate the high temperature
phase mentioned in Fig. 7. The oval in Fig. 8(c) in-
dicates film-like Ti(C,N) observed after the high
temperature phase disappeared.

Fig. 9. SEM image of the high temperature phase region
observed in 0.2 mass% C steel quenched at 1440°C.

Table 3. Results of EPMA analysis for the matrix phase and high-temperature phase indicated by the arrows in Fig. 8 (mass%).

C Ti Si Mn P Fe
Matrix phase 0.47 0.04 0.23 0.79 0.01 bal.
High-temperature
1.90 0.09 0.35 1.26 1.69 bal.
phase
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Fig. 10. Effects of Ti addition on the austenite grain size in
0.2mass% C and 0.45 mass% C steels. The dotted
and dashed lines represent the secondary dendrite
arm spacing in 0.2 and 0.45 mass% C steels, re-

spectively.
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Fig. 11. Calculated results of volume fraction of crystal-
lized Ti(C,N) in 0.2 mass% C and 0.45 mass% C

steels.
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Fig. 12. Calculated phase diagram of Fe—0.19C—-0.09Ti—
xN system.
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Table 4. Number density of facet shaped Ti(C, N) and area fraction of filmy shaped Ti(C, N).

Number density of Area fraction of
Steel sample
facet Ti(C,N) (m™) filmy Ti(C,N)

0.2mass%C steel

2.5%10° 0.0025
with 0.09mass%Ti
0.45mass%C steel

2.0x10* 0.0075
with 0.09mass%Ti

0.0010, T T r
Fe-0.19%C-0.006%N-0.09%Ti
o 5 0,0008] L7777 Fe-0.45%C-0.0037N-0.09%Ti
2 2\ ++— Peritectic
iy tempera[ure
29 00006 ~_
8 E ~.
e~
QE’ é’ 0.0004}
Ek:
o =
S8 0.0002t
0.0000 L ! | A" L !
1440 1460 1480 1500 1520
Temperature (°C)

Fig. 13. Calculated results of volume fraction of Ti(C,N)
during solidification in 0.2mass% C and 0.45
mass% C steels with 0.09 mass% Ti. The dotted
line represents the peritectic temperature above
which Ti(C,N) crystallizes in L+8§+Ti(C,N)
phase field. Below this temperature, Ti(C,N)
forms in L+ +Ti(C, N) phase field.

Ty MR 74 L LROTIC,N) R T O &% L
7o T 77y MIROTIC, N R TIZBI LTIk, Bifiim
BN 720 IS ET 2 5um Pl EOKE S 2 FORN OB %
e L, sl (lm?) LLTEHM LA, 27400
24RO TI(C,NY K FIZBI LT, T 2 & R R 4
MW Uiz, BoN2fERE Table 41277, ZOMEE»S
7 7ty FIROTI(C,N) 1% 0.2 mass% CHi T—HiLl L% < 1F
fEL, WiZ7 4L AIRD Ti(C,N) 1 0.45 mass% C il THY3
B2 NI LD nh B,

WIS 12 F6 0F B EE oD Ti(C, N) Rl 20 SR B 26 8h % 515
L, #55HR% Fig. 13128 L7z, 0.2mass% CHil (X9 Tl Fe-
0.19%C-0.006%N-0.09%Ti & Kil) IZF W T+ 3
TIC,N)DKFENSHE AL TR T 2DIZx L, 045
mass% C i TIXIFEIEF T NTDTI(C,N) 2yl & HTF L THy
B2 nn5, ZOFFEE K Table 4 D 55 HR 2
577ty FROTI(C,N)IZSHEH-IFL TER SR,
T 4 L LIRDTIC, N Ty HERATF L TERENh 3 &E 2
55, 0.45mass% CHIIZ ¥ 5 Ti(C,N) ki T DR IL
Fig. 1312 61 5 & 512 0.2mass% CHIIZ T % DK
WETHES o WEIK IS ONTHEMHENEL 55 &, W
7Y F o4 MlKIZE 0 7 4 L A IRO FEIS I B
ENBZDT, Z2ZTH5HHMT 5 TIC,N) K TOEZHT
ET 4N LRITE D, yHORERRERE, BEET ET
(7 4 L AIRWERNC & > THIRI & A, BERERS 71212137 «
LAIRTICN)IZ K >TSS, 2hZis, KED

R 2B @ERNOKEXIE, TV F I 4 ARk
(DAS)LRICFEE E 558D BRI NS,

b XS5z, AEBIZKDF 2 VRN K % y KD
LR R AR X 2=, Fig. 6 12T & 5125 & VIRhIERR
IZEWTIERY? S y R EMIH EhTnws Z e, 2L
T, Fig. 812/ T &S ISR RERIZT 1 L 40K
Ti(C,N) A L, 2oz y kBizxdinds 2 &, %
DHMEIEIS BN TE T 4 L AR TI(C, N E p BRI
LTWBZ e, RFEBRTEIE S Nz miibh i y B
[E DA T2 7 4 L LIRTI(C,N) D E v IEDEhRIC
EBEDEHER L, ZTHIEA0.2mass% CHli & FiER YD
0.45 mass% C#ilZ 351+ 2 Pl b3S D& & O i #E < 3P
T5, ZOBROZUERGET 5720, LTD XS &E
ERE 21T 572, F 4 2% 0.09% %M L 72 0.2 mass% C
BT, KA LISHEET S 7 4 L AR TI(C,N) KT O
B3 1m? Y720 32x 104l &I S i, Zh o BERRR
IZHELL T B EE L T2 Ok kg &3R5 2
&, 7 AL LIRTIC,N) K13 1.8 mm D R TIEAE L T
5ZEMRFD, THFHE SRR 1LI9mm & B
WRIB AR L7, ZORBIZ FiERETHLTwS, L
25T, FAYERMUZRHZI W T, ARKIGHE,
y DR 2 I U T 2= A3 L 720212, 2D
FREEEE T 7 4 L AR TIC,N) BER L, Zhhy kD
BN SO 28 A 72 & v S B A S 5 I3 RE
35,

4. #&

%

0.2 mass% C &l D14 EEIE y RiARL S35 F 4 3
DEBIZONTHAEL, U TofamsE77.

(1) 02mass% CHNZF & ¥ &RMT 5 Z & THE y 45
ki R 5, F 4 VRO RETld43mm b >
7o 8 y AR DY, 0.09mass% L LF & VAR A Z
ET19mm E THWAL =,

(2) FZVHERBRMLU 7z I3 SR O WA 2 S d i
$57 7 ¥y MROTI(C,N) KT &, BEEAR B O3 A
PO T % 7 4 L ARD Ti(C,N) K F D TFAET 5.

(3) F 2 VERMOREHIIWT, B y 555k 3%
2R L Ty HAHIC 2 > 2RISR E 2G5, — 77,
F AV ERMUZRBHZ W TE, BERIIC T 5



7 4 L AIRTIC, NY R T D 72812, BEE 24 T LTy HM
12285 72 TRREEA PRI E N5,

(4) 0.45mass% CHi Tl y fEWARIENF &4 ¥ DR
Mz&k 07w P74 MMk R (DAS) % THMIL < /-
DIZxt L, 0.2mass% CHil TIXDASD 3{5EFEE £ TL 2
MLz,

(5) 0.45mass% C#il Ty fiA DAS F THMIL & 2 5
Kix, 7 F 74 MBI E 720G ISR A(E T 5
T4 N LWER A S AT 5 7 4 L AR TI(C, N R I
Ko THRABEBIEO b2 THs, ZhiZHL
0.2 mass% C il TIZHWAH A & OIRRED 5 Ti(C,N) K 7 28
7 7y MROBIKTEL T 5. ZDIFIRD 729 12 EElE %
ORRBEINT 2 &V IEDOIRMEL, yRiADAS T
AL X e,
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