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Diffusional characteristics of atoms during the
formation of titanium carbides
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(1. Department of Mechanical and Electrical Engineering, Suzhou Institute of Industrial Technology, Suzhou 215104, Ji-
angsu,China; 2. School of Iron and Steel, Soochow University, Suzhou 215100, Jiangsu,China)

Abstract: To clarify the formation mechanism of metal carbide precipitate in ferroalloy and solve the
limitation that macro experiments cannot directly study the initial stage of carbide deposition, the diffu-
sional characteristics of titanium and carbon atoms are studied during the formation process of nano-
scale titanium carbide in ferrite via the molecular dynamics simulation. The dependences of system
parameters, such as temperature and carbon concentration, on the diffusivity of titanium and carbon are
investigated. The results show that the diffusion-controlled carbide formation relies on the diffusion of
interstitial carbon atom and solute titanium atoms, in which the slowly diffusing substitutional compon-
ent, titanium, is the dominating factor. The diffusivity of Ti and C are enhanced with the increasing tem-
perature, but both diffusions of titanium and carbon decrease with the increasing carbon concentration.
Key words: titanium carbide, formation, diffusivity, molecular dynamics

- VRIS, BURIE, R A A L2 A XL
El BRACPERERIA B3, SRTTT, H T 00 M K IOk b
S RBRAYITLE, BRI S5, FERk e T, ORI o M R T B ST
SRS B ERR A ST, VORMIAT TR, MEREROR, DI, SEAE R, R A S

—

Ys#E B H#A: 2020-10-08

EEWE: HERAAREIE I H (45 U1960104); ITHR M “FiE TR IFHH A4S TR0 H; M Tkl
R H AR AT H (45 2020kyjjo3) .

EEEN: BS (1983—), %, 1, EEMNFNEIG 4 M E BRI, E-mail: lvyn@siit.edu.cn,


https://doi.org/10.7513/j.issn.1004-7638.2021.03.022
https://doi.org/10.7513/j.issn.1004-7638.2021.03.022
mailto:lvyn@siit.edu.cn

. 144 - WK LK

2021 45 42 &

R TT, 2 M B M 28 T e R ™
R T ORFEUCEEST tH . SR, B BT
FUBTTE Hh B8R 2 RO B B T My R At s ] 14
RSFAEAk, X T4 Hh o e DL sE 24 oy 1A 5
HRS B FEHIST

e R A, o T8 w1 A A
VR BARDE T B ALY TI0E M TS0 RER 1,
I R ST R T A LA S R T AR
5T . DAL BRITTENT 20 o 1, SR A it
TAERRIEAR PR ALY i B PR R T 2 53
yi 20 s un 0 LIRS £/ d i i1 7 N i X 7 NG ol O 1
NEY T ZHEE, %ﬁ'ﬁﬁ&ﬂ’fﬁiﬁéﬁﬂjﬁiﬂk%iﬁf’
WP MOTR AT A ERIRBESER D . 325
Ak, X BT R TR i AL B DU I B 7 14
FT RS IR AN 2

PR, 22 W 501 3 1 S AU e Bk
SEPR AR BRI FRR ST BV, D AL BROE B
R b, BRI RIBR T B9 BT O LU RGN
TR C/Ti O BRI BB

1 HARAE

EFH R LAMMPS 5475013 12054,
DU 8] A H AR FH 3 BE 4 2NN.MEAM Fe-Ti-C #
AEM, BRILMR (Fe A0 S7 7 fAk (bee), a=2.87A)
/N g U [100] B, [010] %l AT [0017] %l 43 51 N
28.7Ax28.7Ax28. TAM A AT Bt & iAbEk iy
T RER A T 57 65 BTG T2 A ) & il — 2k )
RICEARZ, RLREETT 1) y Bl ELARAS 9T £ 07 [ Ky

x &l (b=1/2a, bee BK)o BRI AR S FIRR i 5 11
B 20 1.y 1ALl R Ge ik B R R )
Fee AR, BRI e T R (Method of steepest
descent)"”, 7 2 5 i (NPT) R 45, E R 1 K, &
F10 1A KRAE T 1000 000 5 BRACEKTE B
BRI IE N R 58 . R GLIRE 7351 2 700, 800,
900. 1000 K 1 1100 K. #% i 77 1% >k A Nose-
Hoover 771", 3R IR H Velocity Verlet Bk,
BFEEAh 1fs, IS 12285 10 ps 47734, B4
BITHHN 2 ns.

PR ECR A% HHEy 5Oy BT

De=MSD()/6 (D
Hrp, MSD JZ4#477 1/ # (Mean Square Displacement ),
TR (1) W) MSD(e) SRR ¢ B R D i it
THIEITTAL A,

MS D(t) = (Ar(e)) = ((r: ()= 1, (0))°) 2)

Horp, (0= (0) EPRTF i ZERFIR] ¢ YR B

2 &R5it#

2.1 WRACERIEURIE BY

TR 1100 K, BFE]2A 0 ns 1 2 ns B, KT
FR SRR A &l 1 Fs . TERIIR BB
K2 BRI A Ji - 22 43 BOIRES, BOME ML EE 2]tk
FRERIEURL . 7F 2 ns B, T ISR 343 00 5k - il
BK DT T 4R BRI AE 67 45 7 B I T, iX 5 Kobay-
ashi 28 N & B0 —30, FRIE 1 Al O, JLF BT A

i J AR A BB AL BRIBORE, {EAT BB 1
SR ERRABRAORE ] [l o

(a) 0 ns; (b) 2 ns

El1 WHREFHKRFH (Fe-B, Ti-F, C-4I)
Fig. 1 Atomic distribution of Ti and C (Fe-white, Ti- black, C-red)

Il 2(a) BRI FeR S5 5 A 2 07 SRS AE .
2 ALK, SRR AP RO LU, BRI TR BRI AR

FRE RN ER . R, AT RS E 1(b) T 2 ns 5 EHEL
FYER T4 A0 J2: RS I BR R B0 T 8. iR



3 1

BT, 45 BRACBRBRDE G e -9 B T e - 145 -

JE 1) MSD B BALa T IR SE T RFEa K, 3%
BRI X e A BR B AT B B 1 AR A (2 2
TEM . DI, B AL BRAE BRI A 4 ] AT Mo

40 —re— T (a)
=0 C 4?;&
30+ @?
(]
g
o
eSS \"." g

0 0.4 0.8 1.2 1.6 2.0

PRABR AP R AR . X — A BESCRR [11] AAT
FEAR RGBT RIS RIAT A BT ke 4 S in
(A% Bl B A AR R — 2

30

oTi (b)
25r ocC

200

D /(107" m%/s)

0 0.5 1.0 1.5 2.0

(a) BT RN (b) 9 BOR KA L
2 1100 K BHRJRFFEKR F RIS
Fig. 2 Diffusion coefficient of C and Tiat 1100 K

Kl 2(b) S et A SR 0 8K i - Ak iR - 7
ANFEEF R A8 SR B R . Y 1<0.3 ns B, £k
JE—F R i B4 3R A5 Bt i T 4 22 T 3
B2 0.3 ns Z JE ARSI 4R 4 W o ARAE S 5L
FE A RE I Z B T HRE S RS AE
AR R, DRI F P 2(b) AT AR, AR PR SR AN
ERIRF AT HUR B0 51 R 3.22x107" m/s Fl1 0.52x
10" m?/s. RELEMALY TRIE Bt B2, B R
JER T BRI R B HRE T, (R AR B K
BT 1 Ak S A S FR) £

BRILAR TR ERRNRR ) 1 FR B IR AT 1 3 N e T
(ABF) it TS, B IR ek i
TR P fE o 0.81 eV, X —45 B S5k 45 7 (0.81 ~
0.92 eV)HFF A o FRIPELR PR T 19 1 TR
FrAZ BRI B KR T (0 2 ), =22 RO AR R T
Wit TERIEAR T bee (18, R K 5 e i 1 (1)
2 I A FE R A SR SR 14T, R R AR
TFU B AR . IR, BRI T R RE R B N
2.14 eV, ZMHEM UK T LRI H 45 R (2.52 eVI'™),
XA R FA SO K BRI (0 R St
1A, PRl ) 22 5 DA R Bk D7 R JR - 9 28 AR
FEGIRELE R 220 . BUAb, 7 HEER IR TR AR
AR B RIS 1 AL BEE B 1 57 S5 G A A Y
TR R R R F 5 ) HOCR A, ik kL
TR At
2.2 IREEEZ

WAL K0k 5 R R S R A g [

FH AT EEMK, RNy 8T AN S 25 S
BOANEE A C/Ti FL BB,

& 3 AP i #E Hh MSD(Ti) #i1 MSD(C)
Bl A LAY RhER . TEEXT MSD(C) $ME ki 2,
TR R R e () O B R A, JE SR R = T 900 K
o X TERJE 15, iR 700 K F1 800 K,
MSD 7£ 0.2 ns J5 T V-2, ik BRI 1 7E gkt 1A
HIRTR TP REAE 22 . T=900 K A, MSD(Ti) Fifi
S [B) A E R T R . {HE Y IR B KT 800 K U,
MSD(Ti) FZEfb RT3 . 32 R Fiik
JRF AR TP AR Y LS80 . FEER R AT,
£ N (S SR il R 79 e VAR 61 S
SEARHLIE, § RS o B G RS A, S
PEERIEALEE, B O I S AR i 2

MG (1) Z H BB O B A TS, Bikfe
RIREE TP BRECK 0.44x10™" m*/s(700 K),
0.95x10 " m*/s( 800 K), 1.24x10 " m*/s( 900 K) ,
2.11x10" m*/s(1 000 K), 3.22x10 " m*/s(1 100 K) .
ERAEARIRIRE R BRECk 0.38%10" m*/s(900 K),
0.46x10 "' m*/s(1 000 K), 0.52x10 " m*/s(1 100 K) .
T S EE BT AT, P BT R O B A TR
bR . FERAGRERT, TP E Y R
WA, WA AR A byl e (B KA, I LAE
BT B R/ NS R R R B TR
PR EL, (HJE Wang 28 ABFZE™ & BLITTE KR
TR P22 TR B, X — SR AR AE Fe-
Mn-C 4" PG RNIESL, KB MY BOTR T R



- 146 -

W Bk 8K

2021 4F56 42 5

TERAERR A BRBURO R U I 2 T HE AR

i 2 B A BRORE HH A R S A2 ) 23 A
PR (RDF) (2R AN &1 4 Fr7s o I 4 AT, JRLBE
XF Ti-C B AR RN B3 o roc MOS8 — I8 A7

40} —o—1100KC @ o
—o— 1000K C 2

MSD of C/A

&3

B M 800 K 11 2.75 A /> % T>800 K 11 2.25 A.
XU PR T T BB A ROk AT B Sy B
(A5, 3 2 PR A o R KRN AR E PR 7E R il A5 3]
TR, PR A R TR 4

10
—0— 1 100K Ti (b)
—o— 1000 K Ti

8F —~— 900K Ti

—— 800 K Ti

< 6 —— 700 K Ti

= 6f

Gy

=}

=)

wn

P

BN R E R

Fig. 3 Effect of temperature on the MSD

60 —
Ti-C —— 800K
50k 900 K
“===1000K
........ 1100 K

g/r

A

B4 FRIRE FHRALKERFRIZRES R
Fig. 4 RDF in TiC cluster at different temperatures

2.3 C/Ti Hy5Em

& 5 24 C/Ti fEXF MSD(C) i1 MSD(Ti) HY52MH
H & 5 AT AR H, C/Ti {EX IR AL ER TTVE I TE S5 i
BWoRHRE, M OTi{ETHER, MSD(C) Bz T F% .
M C/Ti fHERET, B+ 094 #oh T HE R R 22
I TRRS . 4 C/Ti{HARFLET, MSD(Ti) A7 B B A8
1k, BRI T B R, JUHSE O/Ti A R I, 3%
2 PR R s o Jir B ik 1) st il Dl SR %8 G R, 9
ORI, UL, ALK BURE BB, £k 564 rh
) C/Ti s BARFFE— G NG, DL O/Ti A
1.5 HE

50

—"D—C,

—a—Ti, C/Ti=1.0
—0—C, —e—Ti, C/Ti=1.5
, —4—Ti, C/Ti=2.0
—v—Ti, C/Ti=2.5

40F—r—C

30

MSD/A

20+

10 2

0 0.5 1.0 1.5 2.0
t/ns

5 C/Ti ¥t MSD(C) #1 MSD(Ti) HIS2N
MSD of titanium and carbon with the ratio of C/Ti
ratio

3 £

)R Tl 12U T BRI R Hp ik fL R
GARSBURLIE i 8 P R A S B8 B oA
Mo WFRES RN, AL EKAIE i 2 2 e T
s AR 85 TR

2)WRACERIE B R v, 7 R 08 A Bk 1
ALY U e T R . P RER R 32 R
LR EEA C/Ti AR o SR TR, Bk F
FVER (4 RN . R BB I, A A kA
KSR EOE . Y C/Ti AT, BRE ek R
TP B R T B, AR TR A BRI R
C/Ti (EAEBE 1.5,



3 BT, 45 BRACBRBRDE G e -9 B T e - 147 -

SE 3k

(1]

(2]

[31]

[4]

[5]

(6]

[91

[10]

[11]

[12]
[131]

[14]

[15]

[16]
[17]

Huo Xiangdong, Xia Jinian, Li Liejun, et al. Research and development of titanium Microalloyed high strength steel[J]. Iron
Steel Vanadium Titanium, 2017, 38(4): 105—112.
(MR, ZARE, ZRPU7E, 55 BRRA S m RN pHE 5 R R[] BBRELER, 2017, 38(4): 105-112.)

Xiong Xuegang, Zhang Kaihua, Wang Yi, ef al. Influence of vanadium content on austenite recrystallization rule of low
carbon steel[J]. Iron Steel Vanadium Titanium, 2019, 40(4): 121-125.
(RETTNI, 5RITHE, 2R, 45, PO KRR N ShAS S S A2 LRI ST (], B ERAILER, 2019, 40(4): 121-125.)
Moussaoui I, Roula A, Boufligha S. On transition metals carbides precipitation in alloyed steels[J]. Physica B: Condensed
Matter, 2009, 404(14—15): 2047.
Lee B J, Baskes M 1. Second nearest-neighbor modified embedded-atom-method potential[J]. Physical Review B, 2000,
62(13): 8564.
Chang J, Cai W, Bulatov V V, et al. Molecular dynamics simulations of motion of edge and screw dislocations in a metal[J].
Computational Materials Science, 2002, 23(1-4): 111.
Debye P. Naherungsformeln fiir die Zylinderfunktionen fiir grole Werte des Arguments und unbeschrinkt verdnderliche
Werte des Index[J]. Mathematische Annalen, 1909, 67(4): 535.
Hoover W G. Canonical dynamics: Equilibrium phase-space distributions[J]. Physical Review A, 1985, 31(3): 1695.
Swope W C, Hans C A, Peter H B, ef al. A computer simulation method for the calculation of equilibrium constants for the
formation of physical clusters of molecules: Application to small water clusters[J]. The Journal of Chemical Physics, 1982,
76(1): 637.
Waseda Y. The structure of non-crystalline materials liquids and amorphous solids[M]. New York: McGraw-Hill International
Book Company, 1980.
Kobayashi Y, Takahashi J, Kawakami K. Experimental evaluation of the particle size dependence of the dislocation—particle
interaction force in TiC-precipitation-strengthened steel[J]. Scripta Materialia, 2012, 67(10): 854.
Mecozzi M G, Sietsma J, S van der Zwaag. Analysis of y—a transformation in o Nb micro-alloyed C-Mn steel by phase field
modelling[J]. Acta Materialia, 2006, 54(5): 1431.
Fisher D J. Atomistic study of diffusional mass transport in metals[J]. Defect and Diffusion Forum, 2001, 188-190: 71.
Tapasa K, Barashev A V, Bacon D J, ef al. Computer simulation of carbon diffusion and vacancy—carbon interaction in a-
iron[J]. Acta Materialia, 2007, 55(1): 1.
Wang Xiaonan, Zhao Yanfeng, Liang Bingjie, et al. Study on isothermal precipitation behavior of nano-scale (Nb, Ti)C in
ferrite/bainite in 780 MPa grade ultra-high strength steel[J]. Steel Research International, 2013, 84(4): 402.
Darve E, Pohorille A. Calculating free energies using average force[J]. The Journal of Chemical Physics, 2001, 115(20):
9169.
Shapovalov V P, Kurasov A N. Diffusion of titanium in iron[J]. Metal Science and Heat Treatment, 1975, 17(9): 803.
Kozeschnik E, Svoboda J, Fratzl P, et al. Modelling of kinetics in multi-component multi-phase systems with spherical

precipitates: II: Numerical solution and application[J]. Materials Science and Engineering: A, 2004, 385(1-2): 157.

Ykt AR


https://doi.org/10.1016/j.physb.2009.03.047
https://doi.org/10.1016/j.physb.2009.03.047
https://doi.org/10.1103/PhysRevB.62.8564
https://doi.org/10.1016/S0927-0256(01)00221-X
https://doi.org/10.1007/BF01450097
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1063/1.442716
https://doi.org/10.1016/j.scriptamat.2012.08.005
https://doi.org/10.1016/j.actamat.2005.11.014
https://doi.org/10.4028/www.scientific.net/DDF.188-190.71
https://doi.org/10.1016/j.actamat.2006.05.029
https://doi.org/10.1002/srin.201200195
https://doi.org/10.1063/1.1410978
https://doi.org/10.1007/BF00703075

	0 引言
	1 研究方法
	2 结果与讨论
	2.1 碳化钛颗粒形成
	2.2 温度的影响
	2.3 C/Ti的影响

	3 结论

