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Precipitation Behavior of Ti-Containing Inclusions During Solidification
of Ti Microalloyed High-Strength Steel
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Abstract; Effects of elements Ti and N on the precipitation behavior of TiN inclusions during the solidification of Ti-
microalloyed high-sirength steel were studied by thermodynamic calculation and microscopic analysis. Thermodynamic
calculation results indicate that the precipitation of TiN inclusions is unavoidable at the solidification front, but can be
delayed by reducing the value of w (N) X w(Ti),. The final size of TiN inclusions is mainly affected by the initial
nitrogen content in molten steel, and TiN inclusions can be smaller by reducing the initial nitrogen content. Microscopic
analysis shows that with the contents ( mass fraction) of Ti and N decreasing from 0.12% and 0.005% to 0.08% and
0.003% , respectively, the number density and average size of TiN inclusions can be decreased by 27.1% and 50.2%,
which also confirms the thermodynamic calculation results.
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Table 1 Chemical composition of steel used in calculation %
C Si Mn Al Ti Nb
0.071 0.13 1.85 0.03 0.10 0.05
Cr Mo N P S Fe
0.23 0.21 0.006 0.01 0.000 5 i
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Table 2 At and At values
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Table 3 Equilibrium distribution coefficient and

diffusion coefficient of each element

TTE k D/(em? - s7)
C 0.34 0.076 lexp[ =143 511/(RT) |
Si 0.52 0.30exp[ =251 458/ (RT) |
Mn 0.78 0.055exp[ =249 366/ (RT) ]

0.13 0.010exp[ ~182 841/ (RT) ]

S 0.035 2.4exp[ -223 425/(RT) |
0.48 0.91exp[ —168 600/ (RT) |
Ti 0.30 0.15exp[ =250 000/ ( RT) ]
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Fig. 1

Segregation ratios of elements Ti and N in steel

at different cooling rates
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Table 4 Interaction coefficients of Ti and N with each element
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C Si Mn P S N Ti Cr Al
N 013 0047 -002 0045 0007 0 -053 -0.047 -0.028
Ti -0.19 2.1 043 -0.0064 -0.1 ~ -2.03 0013 0055 —

¥a20(5) ~ (6) F(7) ~ (9) 43 5IHkESL, A5 5] N Al
Ti X} TiN JeZW T 3T ) 22 45 g i, an sl 2 B
P 1] 2 W B A g [ ot R A A, Eh AT/
TiN SR AR R A3 KAR L, 2 TiN [ SE R i B R
LA RS  TIN Je T i o B T
AN & BRI A K (Ti 0.05%,N 0.002%) , 75
SRA TIN JeZ2 Wt il o DRI, TiN & 2% ) 78 5K i 5 [
AU HT IG5 A R T S, O HL B Ti AN 54
H4N, TiN JeZ2 P G 1 i

& 3 AR tE N ORI Ti 2 % AV ] 43 B
s, B 3 ATLUE B N R Ti AR —J0 K & by
IR 2 (o 50 Y 5 i1 43 B0/ )N X TR 5 TiN e Z2 by
T EIEEET , I H X AR EE R 44 S N R T Fr i
() OB & B, N X [ 438500 sk / NV F 24 24 T k46 [
SPEOR/IMEF 10.5 %, BUL, @R S GE N i
HRHELE TiN Je 22 PHT H i A P H 2 BB R

B4 NP6 NTi & X TIN Je 2298 i B

M, A 4 AT UL 9 N OB T AR —TC R S B AT
Sofft TN e 2 AT Hh il R T R DR AT AT 24 4

-1.5
@ oo
—e— N 0.002%
-2.0r —A— N 0.004%
—v— N 0.006%
z | —— N 0.008%
£ -25
ST
L0
z
45 . . .
0.6 0.7 0.8 0.9 1.0
FERE 4350
-0.5
®)  No005%
-1.0[ —o—Ti 0.05%
—A—Ti 0.10%
s —¥—Ti 0.15%
Qf; ——Ti 0.20%
20

(a) N; (b) Ti
B2 NAFATi % TiN e 2947 H#h # & 4R 22 0m

Fig.2 Effects of N and Ti on thermodynamic conditions for

precipitation of TiN inclusions
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Fig.3 Effect of initial N and T contents in steel on solid fraction

of molten steel
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Table 5 Parameters for calculating growth of TiN inclusions
Mo/ prin/ My./ Pu/
(kg - mol™") (kg - m™) (kg - mol™") (kg-m™)
0.062 5394 0.056 7070
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Fig.5 Effects of initial N and Ti contents on TiN inclusion size
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Fig.6 Effect of w(N),Xw(Ti), on precipitation of TiN inclusions
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Table 6 Solid fraction corresponding to TiN inclusions at

different initial N and Ti contents

ks ANEIER w(N) gxaw(Ti) BV Y TiN e 2 Mk [ 535K
TEE o - - - = =
HH/% %107 4x107 6x107% 8x107°  10x107®
0.002 09588 0.9077 08537 0.8112  0.7689
0.004 09584 0.9079 08534 0.8116  0.7682
N 0.005 09585 09078 0.8536 0.8119  0.7689
0.006 09588  0.9082 0.8534 0.8118  0.7686
0.008 09586  0.9082  0.8532 0.8115 0.7686
0.05 09589 09083 08533 0.8114 0.7688
0.10 009588 09084 0.8535 08119 0.769 1
Ti 012 09589  0.9083 0.8535 0.8115 0.7686
0.15 09587 09081 0.8534 0.8121 0.7687
0.20 09588  0.9079 0.8536 08117 0.7686
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Table 7 Chemical composition of experimental steels %

H5 C Si Mn Al Ti Nb
1* 0.071 0.12 1.83 0.03 0.12 0.05
2* 0.071 0.14 1.84 0.03 0.08 0.05

W' Cr Mo N P S Fe
1* 0.26 0.19 0.005 0.01 0.0005 it

2* 0.24 0.19 0.003 0.01 0.0005 Rt
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Fig.7 Corresponding morphology of various inclusions in 1* as-cast
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Fig.8 Corresponding morphology of various inclusions in 2% as-cast
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Table 8 Inclusions in 1% and 2% as-cast

I Sty HMEA  dex KRR/ -
2

s 3| mm BEC (D - mm?) RS /pm

B 35.57 850 23.90 5.46

" TiN 35.57 348 9.78 6.14
SH1 35.57 477 13.41 4.97

A/mik 3557 25 0.70 6.40

RkZe 44.46 731 16.44 3.51

” TiN 44.46 317 7.13 3.06
S8 44.46 336 7.56 3.60

A/ 44.46 78 1.75 4.53
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3) HHPAILE Ti MIN E i 0.12% 1 0.005% 4351
5/NE] 0.08% 1 0.003% i, I A< AR 89 Hp e 49 1
25 R TiN S0 BRI RS 435N T 27.1%
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