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Abstract: To develop high-temperature wear resistant steel with high tempering stability that can be used in
high temperature environments, the bond energy between different alloying elements and C element is
calculated by solid and molecular empirical electron theory, and a series of TiC particle-reinforced high-
temperature wear-resistant steel components are designed. The precipitation temperature of TiC particles is
calculated by Thermo-Calc software and the tempering stability of the steel plate after the best heat
treatment is tested at different temperatures and time. The results show that the bond energy formed by Cr,
Mo, and W with C is significantly higher than that of Fe—C. Therefore, the activation energy of C atom
diffusion in martensite increases, which hinders the diffusion of C atom in martensite and improves the
tempering resistance of martensite. Therefore, Cr, Mo, and W are determined as the main addition
elements to improve the thermal stability of TiC-reinforced martensitic wear-resistant steel. TiC particles
precipitate in the temperature range of 1400-1500 ‘C, and the particle morphology shows that the particles
distribute like grain boundaries. After thermomechanical processing, micron TiC particles can uniformly
distribute on the matrix. The experimental results of tempering stability show that the addition of Cr and W
elements greatly improves the tempering stability.
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Table 1  Chemical compositions of experimental steel

(mass fraction/ %)

Experimental steel C Si Cr Mo Ti W Fe

0.012Ti 0.27 0.25 0.30 0.012 Bal.
0.6T1 0.40 1.51 0.30 0.25 0.60 Bal.
0.6T1-3Cr 0.39 1.51 3.00 0.51 0.60 Bal.
0.6Ti-3Cr-1W 0.40 1.52 3.01 0.50 0.58 1.01 Bal.
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Table 2 Forging process of experimental steel

Forging process Flip angle/ (") Size before forging/mm Size after forging/mm Reduction ratio/ %
First stage 1 0 400 300 25

2 90 420 315 25

3 90 315 270.9 14

4 90 325 280 13.8
Second stage 1 0 280 224 20

2 90 290 217.5 25

3 90 230 184 20

4 90 225 190 15.6
Third stage 1 0 190 152 20

2 90 200 150 25

3 90 160 135 15.6

4 0 135 120 11.1
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Table 3 Rolling process of experimental steel

Rolling process Rolling pass Entry thickness/mm  Exit thickness/mm Rolling reduction/mm  Reduction ratio/ %
Recrystallization zone 1 120 94 26 21.6

2 94 72 22 23.4

3 72 58 14 19.4
Non-recrystallization 1 58 43 15 25.9

2 43 29 14 32.6

3 29 18 11 37.9

4 18 12 6 33.3

1.2 EWHE

| F Thermo-Cale 5 AF Fl TCFE9 £ s J4 % 55 56
A %) LR LA B B [ 3o A v 1 0 A RN 4 T R AR Atk
7% . #I ] ZEISS ULTRA-55 ## d1, 7 i i 85
(SEM) WLEEFE 5 I 20 2 . SE 64K Hh (1 O R o0 A
R A BB A X (EPMA, JEOL JXA-
8530F ) #4743 #7 o i Image Pro Plus (IPP) £ {4 X}
FL T A48 4 500 F54r FIE kA7 4031, B FCIR S
FISE B A GE T 10 5K BE |, He3 PR 74 3000 4~ LA I, 3K
15 P Yph 7 RO Fvk IR B3 8. B FET Tecnai
G2 F20 1 5 i 7 5 33085 (TEM) 43 B 52 5649 14 037 4% A
B o 37 SRR Sl 1 ) 4 BN TR 2P R 1 S U
YT EARN 3 mm RS SR 5K LS 2229 50 pm
MR R d5c ), 78— 20 "CRRBLA B0k 10 %6 11 & S R
B Y AT F A RS = IR AP L A AG-
X 100 kN B HL FdEAT , oA 3 BE 4 1 mm/min, AR
P E AR GB/T 228—2010¢ 4x J& #4 FE Fi i 45 158
oy FEIRIRE ), Hil & AR 25 mm PATE AR
k5 mm Y PLARAE . o T SRR b e
7. WRIEESR GB/T229—2020¢ 4: J&@ ¥ B} B H 5 4%

e vk ), v i RE R SE S 10 mm X 10 mm X
55 mm, VIEFF R} 2 mm. #HKB3000BVRZ-SA
3 7 XL R 000 e S 6 R 3 Uk I A AR Y
AR R R R

2 HRESH

2.1 EEARREMSTETHE

AR5 4 T B AN AR S TR MILBRO A0, T P E A 5
PR H i o A PERE SR AR o R IR B R 4
FRASE 64 PRAIE , g PO B B8 2 DI S i P RE A Ak . 4121
RAE T PERE, R, 9 <5 Tinf 5 9 21 4R 0 i 30 Oy
B DIRIREGUEAT B R A RE R, HLARBRAN P i o IS
PRI B AR, s & IR B RS IR . 1%
G ) IR B <5 TS S 09 A0 B A 2R 1 TR AAR S L 8L
BEAh  WEFE B SR AR AR KL 5 BRI 2 B B4
F14 568 J3E DT I, 33 e T LAl 67 iy £ 32 ) i A ARDRE 1o
A8 S 280, DT 5 A AFDRE 1~ 1T LA AR DR 4P R L B
I EPERE AU o T BIRIN R IR, Rt 5
PR b 5i A TS S 0 Y S PR 2 21



104 FHRLT A2

20254E 11 A

X A e i T 00T B R L, B S i AR
FEVEIE T B . O T RIS AN B R A Y i
BEVERE , TR 5% 1 IR AR A 1 40, H GRS
— i C J 2o 0 A T A4, Kb 4R ) 25 N R IR
A, H e A i R A BE S A BTk A A Y C
SR, o Ul N 5 AR 5 2 HE o3 i, 305 QAR 1) 5 i
FIME B R RRRAG . DR UL, BHAS S5 [ AR &R T B 50
JEARUE LS AR TS e M B R A

B A IC R X G A A Il ok B R R
e, G SR A Ak 4 N 55 B Tk 0 E i ot 3R R Rl Kbt g
(Y 52 M 28/, TRl A6 4 T8 B oG 36 AT LA 3804 v B 4
SERA R kP R W)RE L, SRR
A A AN B kBT ) R TR T S Rk
() 53 fiff | B A B ECAAR 1) 2 728 LA R 38 Blk AR 1) B i AT 2R
. TEROWZT L, & & I0R 2 1 8ERE , 28 M 52
TS 1978 4F I B R T A S 4T
22156 HL 1~ PR3 (empirical electron theory , EET )™, i%

PRI A By B TR RN IF L) N AE AR AN
PFE A gE rps —des g B e FET (1 3
Tlt I 2 R 5 40 2 50, B i B 1Y) L AR R B T RN 45
WL F 5 i F 45 S50, X SR o & &
() B0 2 YR AT 5% 4 A T BT Y LR . R e, FRATT DA
EET J H & IS MK YE , T4 & TiC sk 5 [T
AR 5 40 [l K AT S ) B, X AN R & R 15 C R
TR A B BE HEAT TR 5, DT T4 S T S AN Y Ak
Gyt

HRAE DAAE DI 5 A, VAR K [ i i (o -Fe-
C) AT ABMEM A S CHa-Fe & CHY a-Fe-C
A AUE L. o -Fe-C B A AR 8 (a Rl o)
oa-Fe B RS W 80 (ay) 5 a-Fe-C BY A8 5 80 (ac M)
AT BCEME . o-Fe-C & 1(a) iR, 4 &4A
B 4aICE MB , MBAC a-Fe-C il Fe' J5 1Ao7 &
a-Fe-C-M(M {3 Mn,Si,Cr . Ni, W, Mo) ) 2% ¥ I
K 1(b).

(b)

Fed®

\2a, |

F1  o-Fe-Cla)Hla-Fe-C-M(b) il A%y
Fig.1 Crystal units of a-Fe-C(a) and a-Fe-C-M(b)

MEEICEMIEA o-Fe-C i [CAR i i B, £
T MIE TR GUE S Fe i1 UL, 045 C 14
ZERR, H B FRAA ) B B e A2 T AR BORAR A,
ik, & 4708 MARIBUR Fe i1 JE i a-Fe-C-M &
J, HAS RSN 1(b) fir s . B & &0 M
b, a-Fe-C-M Y s [ St 2 bl 2 % (H 2B vh 45
MEM . SCHRAE D D) o-Fe-C fb i 00 bk 5 B50Ch LAl
I C Fe* \Fe' JiUy{RAS A UL R e B o0 MU
Fe! i 7 )5 5 R B s S 80RAL . #2218 B T7 53 5
T T a-Fe-C-M &0 P i i 11 6 ) 552 56 B | P
TEHERE LA X RCRBERE ™ AR PR SCER[29 ], 7
THEBICRBMIGHA T B2, A E RIL ST
Fah, DR ERILH 6

TR D FRAARA AR SRy 1] K ) PRI A B L o-Fe-C
1 e sk AN B DS SR EAY e BRACYIIY LS, AR, IE
IrHEREMU N F AR Sy o IRAEER 4 TP E R T,

MHFRRKE, 5 Fe R A, Mn St MINi 7T 5
C JF I B Wi 10 B e 44 v R EE /0N, T LA B [ AR 1)
8] K BE S5 AN . (B Cr Mo F1 W 5 C FIFIE R 1)
HAE S Fe—C HERede i W 2, I, 1 K T C R
THE S Ry 8 s e, AT T C I 77 1[Gk
HRR TR, BN T I R AR B e AL B R R L
FR AR B ECAR B 6 AR i B AT 4R o T 5 ER AR A [l ok
i,
22 TiICHHEEITE

T FN T Y o AR FR R A IR B U ACR
X V0 o 52 600 1) AR R 2R AT T3, an el 2 iR .
5L, 0.6'T1 AREE [ B B A AR o 8 2243 DL R L
BB 7E 1500 CLA L, SE A AL T AR (e L7
L) YR B REAL, W A BT 5-Fe A, R4
HRAEAE L0 WA ; Bl 5 TR AR 22 RAI, e L0y
(R SR, R 48 R AFAE L4-0-Fy = A 5 00 5 S 58 ik



Ho3E 11

TAC LT~ 18 50 Y i g Yt B A L

105

F4 oFe-C-MBEPHSLINGERE FBILHEE LNBEFHH BEEMBERER

Table 4 Experimental bond length, theoretical bond length, covalent electron pairs, bond length difference,

and bond energy in a-Fe-C-M crystal cell

R » Covalent Atom hybrid order Experimental Theoretical Bond length Covalent Bond energy/
omposition
P bond M Fe?  Fe*  C bond length/nm  bond length/nm  difference/nm  electron pairs ~ (kJ-mol ')
a-Fe-C D‘,{’F“‘ 11 10 8 6 0.18529 0.18447 0.00082 0.97920 199.05052
a-Fe-C-Mn DS\"MH 2 12 11 6 0.18529 0.18253 0.00276 1.38658 277.00906
a-Fe-C-Si DS\"Si 6 12 11 6 0.18529 0.18268 0.00261 1.41112 276.40653
a-Fe-C-Cr DY 14 14 13 6 0.18529 0.18178 0.00351 1.76535 408.74868
a-Fe-C-Mo DM 4 13 11 6 0.18529 0.18182 0.00347 1.55966 365.23157
a-Fe-C-W DY 4 13 11 6 0.18529 0.18277 0.00252 1.60722 389.90459
a-Fe-C-Ni DX'N‘ 7 12 11 6 0.18529 0.18235 0.00294 1.53157 290.93280
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(a)0.012Ti;(b)0.6Ti;(c)0.6Ti-3Cr;(d)0.6 Ti-3Cr-1W
Fig.2 Phase diagrams of four steels with different chemical compositions during solidification
(a)0.012Ti;(b)0.6Ti;(c)0.6Ti-3Cr;(d)0.6 Ti-3Cr-1W
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Fig.3 Variation of equilibrium solubility of TiC in steel with

temperature at different phase zones

FE T TiC # Ak [T BB B4 B, AH 7] 5T 1 734K
19 T1 A C I0 2R IS AR A [R] 52 46 19 v o DR kA5 31 A1
[7) J53 £ 43 B OK TIC R, HA A 42 JC 2 R 45K
HUB BRI EYE . i T RE T TR = A TiC ke
5 AL B A9 TiC 9% 12, 2K H Thermo-Cale #4:
Xof S 56 BN 5 A P T A5 N A AH A B THC A i

OBV AT T AR 4 R

i & 4 A 5, TiC My i i 50 M AN BrBE . al LA
A E TR WAL IX 0], A T TiC BMT i . Bl
o VR [ 1 R B A, FE A A TR C Y BT 4 22
Jl T, THC BATT AT 15 n, DXLk TiC (BT H i 24
B A 2 T . R, 0.6 T1,0.6 Ti-3Cr A10.6Ti-
3Cr-1W =P Sz 840 (1 TiC ki 5 & 0 BULF A A
0.6Ti-3Cr-1W SZE4N Y TiC BT fat 2 Bms v L X 32
A T 15831 14 = b S 50 84 AT LA AR SIE A [R] 5 22 9 TiC hr
T YR SE A BRI S , TIC BT M B I i AR 4% | i A
BN E A FFEEAT L TIC R, TCE Y B .
23 RERRSTICRIFEZEREMSHIFE

IR GEF TS F X TIC R T b7 B AT T
43 BT, 0.6 Ti,0.6Ti-3Cr 1 0.6Ti-3Cr-1W = F 52 46 4K
HTIC AT SRR SEAR A ] o X B AR 48 S 50 2
X TIC Y 38 2% 3ok 72 A0 o0 A5 R 45 3647 73 B o X 0.6T,
0.6Ti-3Cr F10.6Ti-3Cr-1W =R S I4KEE [ J5 TiC Y
O AT FIESAEAT T 4307 o &5 RS i A 3 ok it 444
AR B IR R OK TIC KL F IR 40 . Bk TiC
BT 2 A7 AT o A e R X R ROK TiC BT
FEBE B AT T35

il 5 V[ o PR AR R AT, T80 S PN 2 0 A E R A
i Z (8], TiC KL X R4 A i, Herpr, B — A
R A B — AN AR, YRR T A ) ik e
R AR 5 M ROk, T B S o HE W BCIROE
S, RIS TR LA T TiC BT o0 A
FEIXEE T G B . B S ORI AT AT, TiC A f
0|2 INE B ST R T = NN A A | 23 N YA N [
R TIC KT R BOIEE S . LR I, TiC kT2
SHYESLARIIEAS , TiC R 10 e & TE 50 451 i 1T Y
AR T . M Ti 5 C R4 Al TiC i1
pn PRI X8 G A E 7R R B R, i B Y TR C i
TBEPL B AE TiC SRR, I Al AR 19 24> T 1)
Ve, I 8 TIC R AW AE K . SRS A I
KK B3R, B R TIC bR ERIE 450 . 4R,
BRIE M TiC R FAER T2 FRARRE /Y, L, 7E e m
REAYBK SN T, TiC A v I T2 3 A8 1) s T T B
I A, B 28 AR e IR A 1 5 IR S5
1 F TiC J& NaCl B 700 57 77 2548 , 45 ) 112 B 10 K/
B Ay : 11111 > {110} > {1001 . Bif A BB 5% 45 S %
A2 TR {100 | 75 & 10T A9 A 4 R oM 1.73
B, TiC fkoke Ao 8 AN TR A { 111 b 9 1E /T
W, YA K BCRHE R LI, TiC SoRL e S5 o I 7
T S T AE R DR A T X Z ), TiC
pnkrf 2 Z AR A . W AR & B TiC kTN



Ho3E 11

TAC LT~ 18 50 Y i g Yt B A L

107

100 [230042223002003005:
- —a—0 phasc
S 80 —a—y phase
S —o—Liquid phase
5 60
Y
‘@ 40
1)
©
= 20
0 a
1350 1400 1450 1500 1550 1600
Temperature/C
100
° —a— & phasc
é 80 —a— y phase
S ——TiC
5 60 ~&— Liquid phase
©
‘@ 40
1)
©
= 20
0
1350 1400 1450 1500 1550 1600
Temperature/C
100 S
< 80F —a— 0 phasc
°\C —a— y phase
o —a— TiC
‘g 60 —&— Liquid phase]
© a0f
7]
©
= 20}
0 i
1350 1400 1450 1500 1550
Temperature/C
100
x 80 —a— O phasc
c;\: —a— y phase
pel 60 ——TiC
‘g —&— Liquid phase]
© a0f
1)
©
= 20}
0
1350 1400 1450 1500 1550

Temperature/C

0.8

(=) —-TiC

06}

04}

0.2F

Mass fraction/%

0.0 ZT

1450 1500
Temperature/TC

1350 1400 1550

0.8

—-TiC

Mass fraction/%

7450 1500
Temperature/C

1350 1400 1550

0.8
= —-TiC

0.6}

04

0.2F

Mass fraction/%

0.0f

1450 1500
Temperature/C

1350 1400 1550

0.8

—-TiC
0.6

0.4

0.2

Mass fraction/%

0.0

1450 1500
Temperature/TC

1350 1400 1550

P4 TiC sl B PRI 05 o 7 P A% AR B 2 B 1
(2)0.012; (b)0.6Ti; (¢)0.6Ti-3Cr; (d)0.6Ti-3Cr-1W ; (1) &3 ; (2) TIC A
Fig.4 Mass fraction variation of each phase in TiC reinforced martensitic wear-resistant steel during solidification
(a)0.012; (b)0.6Ti; (¢)0.6 Ti-3Cr; (d)0.6 Ti-3Cr-1W ; (1)all phases; (2) TiC phase

WA /D Mo LR, 1 7E 0.6 Ti-3Cr-1W SZEG 4 11
LRI W OT R AETE , W TR 2 SR T IWIE
BL2s T B0 B AR TR B A 1S, 0.6 T1,.0.6 Ti-3Cr
0.6 Ti-3Cr-1W =l 52 554K v TiC MR FR 73 %53 5l
F1.22% . 1.27% F11.37% , HARfL LA Sl o A b
SAAS B T A B0 AR AR — B

0.6T1 4K Y B4 b0 28 B3t I 1) = 4T S an 181 6 T 7

ATV B, e s S oK TiC 40 A R A T ek
A IR T TIC U5 db For A RS . = A5 500 EPMA
I 28 SR IR BOK TiC R F v Tl C e R AE kLT
A0 7 B ) i v T AR T i, Mo Tt R AERL T H 1)
FHEHEMAFTIMCILE. 0.6Ti-3Cr 84 1 0.6Ti-
3Cr-1W N 5 0.6 Ti A H A7 AH [ i = 4E 2 3, in &1 7
Fim o



108 MR TR 2025 4 11

-
c 51053
i
= 3136

“,“ . %

(a-1)
100/ um|
(b-1) e —
Element: Mass]
© 31140
Tii 6449
Fo , . &80
100]im ;
(c-1)
1001 um!

Element{ Nass}fraction/%o)
© = 2B

i 66377/

e 21611

Mo) (ONZS

W 160!

F5  #rp TiCR T MM IEAG (D RIE A (2) B (2)0.6Ti; (b)0.6Ti-3Cr; (¢)0.6Ti-3Cr-1W
Fig.5 Low magnification(1) and high magnification(2) images for distributions of TiC particles in the casting billet
(2)0.6Ti;(b)0.6Ti-3Cr; (¢)0.6Ti-3Cr-1W

6 0.6 TiANEEER Y = 4 AR FIRHOK R RLF 0 R 43 A1
Fig.6 3D topography of forging billet of 0.6T1 steel and distribution of alloy elements in micron-sized particles
SR R 22— L ELE , TIC R T 19 20 A iR
BWME SR, KL RMBHAIRZE, MoK TICK. TICKFEALAGRER TLEWITRHEAT TIC
FAEMAR TR AR N5, Sk geit , TiCk: . WILRAMNEF B K, R EB0R AR 7E T

FH R A 1~5 pme H, 0.6 Ti-3Cr-1W 40 H ik




F53% 11 TAC LT~ 18 50 Y i g Yt B A L 109

| (b)

B7  SCRAROR RSP =425 (2)0.6Ti-3Cr; (b)0.6Ti-3Cr-1W
Fig.7 3D topography of micron-sized particles in experimental steel ~ (a)0.6Ti-3Cr; (b)0.6Ti-3Cr-1W

FE8 AL P ok TIC R THI3 M (a)0.6Ti; (b)0.6Ti-3Cr; (¢)0.6Ti-3Cr-1W
Fig. 8 Distributions of micron-sized TiC particles in plate after hot rolling  (a)0.6Ti;(b)0.6Ti-3Cr;(c)0.6 Ti-3Cr-1W

AU G PRI A 6, 50.6TIM0.6Ti-3Cri iy WAL o T35 4 5 RIRH L, 206 SR

KL AR 35 25 57 Tz B AR AR AR XS PR IR, SR 5 AT T AR B
24 SLIWEIANFEEM 9 BT Y 2 90 52 56 B9 1 AIR 2 T B9 AH
T LRAMBI T B TSR IR LIS I8 TCFE 7838 % RSP A b i3
100 100
@ | ; —y-Fc | =—y-FC
i —a-Fe I —a-Fe
< 80 | —— Cementite < 80 ! —TiC
T% : T% ! ——Cementite
§ 60 ! '§ 60 ! —MLC
“I= I e: I
9 40} | @ 40 :
(] I © !
= ! S |
20} : 20 |
I I
I I
0 a—m— . 0 pal :
600 800 880 1000 1200 600 800 880 1000 1200
Temperature/C Temperature/C
100
| w— 1 | — yFc
! — O-Fe ! —— o-Fe
2 I — 5 50 I —TiC
.5 i — M,C, s : — M,C,
! : - WhVs B 60 : W——
| I
g : g 40 |
= I s i
| 20 i
I I
| |
0 — ; 0 ; : ;
600 800 880 1000 1200 600 800 880 1000 1200
Temperature/C Temperature/TC

9 SCAAH S R 8L (2)0.012Ti;(b)0.6Ti; (¢)0.6Ti-3Cr; (d)0.6Ti-3Cr-1W
Fig. 9 Variation of phase content of experimental steel with temperature  (2)0.012T1; (b)0.6Ti; (¢)0.6Ti-3Cr; (d)0.6 Ti-3Cr-1W



110

FHRLT A2

20254E 11 A

850 “CHJ U Ffr 512 56 £ 34 1T LA S5 3L 56 42 B8 [ A Ak,
H0.6Ti-3Cr-1W £ H filk fb 4 56 4 5 ik il ) 810 °C
FeAn o VR 36 P R B LR E 512 36 A e o L G ARk
DL R S TE 3R 1 150 Ak SO SR ECAAR R R
I, R 7 R UE S B0 A b R 4 B4 s ) e | T B X AR ok
AR AT TR 1] K Ak B AR I T

Gy S0 A B4 A PR 4t SRS R R A U0 1 A 9 DA
B H A il A R A TS R E T
0.012Ti.0.6Ti #10.6Ti-3Cr #9 i 7% J i & 4y 880 °C,
0.6 Ti-3Cr-1W £ 4 ¥4 KT BE A 900 “C, U o 52 565 4K 114

00
A

)
.
3 - P[00 -

E

.n’e‘) Y
"

] IR BE 348 200 °Co DURR S50 B0 HR 28 3 VR IR IR
7] e b B A5 20 Y FEAR FIOM AL 2L an 161 10 fir s o AT LA
BB A 2, 5050 0 2 o M Ak S IR 41 4T, 0.012T,
0.6Ti.0.6Ti-3Cr #10.6 Ti-3Cr-1W 4N & &R b 5 9
SF439 R 213,208,200 nm A1 188 nm., 4853 £ 51 #HL
RO T A Ak AR 1) ) D o S 6 0 = IR AR R B
SRR LR FE | iy D) R R B A5 45 I 2 e
B Frzm o DO S 56 A A9 T H 5 B 7F 1600 MPa A
b KT 16 T KRR T 700, 20 T
530HV,

-/ 7790,
Tt/

o zepeg

10 SERR A2 ik AL AIAAL B R TOUL A 21
(a)0.012Ti;(b)0.6Ti;(c)0.6Ti-3Cr; (d)0.6 Ti-3Cr-1W
Fig.10 Microstructures of experimental steel after hot rolling and heat treatment
(a)0.012Ti;(b)0.6Ti;(c)0.6Ti-3Cr;(d)0.6 Ti-3Cr-1W

; .14
2000 *Tesile strength 4 Hardness pLo [
® o Elongation = Impact energy {60
g A 1580 112
s 1900 *® A = 2
< 150 3 S
£ - 1560 & 17§ {10¢g
5 1800} * $ 1408 | B
= ] - s lg ©
o A * * " o0 g 30 § U_SJ
2 1700} leoo T 1.5 16
= * . . ° 20 120
1600 . , ) ; 500 10 4
N N <
Q,{f\ &K «&
. < O
Q S &P

P11 528 g 25 “CIn iy g2

Fig.11 Mechanical properties of the experimental steels at 25 °C



Ho3E 11

TAC LT~ 18 50 Y i g Yt B A L

111

TS BT ) S AN AR A T R IR E
FBET H Aw , 0 PO A Rl b S AN AR A T T AR PR
45 BN 12 fras . B 12(a) S8 8 M e 500 °C
PR A [F] B[] f 2 R A B2 8 Ak, 2 h DA, AR T AR
FETF AR AR A AR 242, DRk, S 7 G ) P Ao S 565 490 7E AN
[FIELEE A I RS PR I ORIR T 2 he SEIG AN A

(@ 2 0.012Ti o 06T
600 3 @ 0.6Ti-3Cr @~ 0.6Ti-3Cr-1W
550+ 9
Ss00f 8390 -9 o
z :_38 gEgee o g
® 450 | °
[0}
5400r Do-e-—0 oo °
@ 350
T S
300 29 —0g 5o °
250+
200

6 2 4 6 EI51I012141I61I82.02'22I4
Time/h

TR (AR AR P 12(b) 7R, 0.0127T1 A9 (i KL TR 185 49 )
(AL ] K R P f 25, B T 3 ) 34, s i 2 e
A o 0.67T1 4K 1 #A 8% A 14 & A 2k 3% , 0.6 Ti-3Cr 1
0.6Ti-3Cr-1W ¥ 14 [m] R e P Kl B3 44 v, 36 8 1
W R G e v B bR . 3 0.6Ti-3Cr-1W 4 5
0.6 Ti-3Cr SN Ay [ KRR MEAH 22808

650

(b)

600

550
- 890933 3
> 500+ ° ° 3
= Q ]
@ 450+ ° ° °
0] o
5 4001 90.012Ti — 5
F 3508 3 08T iac

9 0.611-3Cr [+
300F @ 0.6Ti-3Cr-1W °
250}

200 P —
150 200 250 300 350 400 450 500 550 600
Temperature/C

K12 g nd Il kRs e Tk
(2)500 “CHRIUELA ]I ] /5 A4 2 Bt 5 (b)) AN TRELEE PRI 2 b 9 2 IR EE

Fig.12 Tempering stability of experimental steels

(a)hardness at room temperature after 500 °C holding for different time ; (b)hardness of room temperature after 2 h of holding at different temperatures

3 it

(1) R 495 i O 2 25 1 s 1 O R DA B ) i
AERLF I 48 A, B T TS B D 5 R AR ] 4R Bk A
L TIC B s Ay e e A R 5 A

(2) 1] 144 o1 22 56 L 1 B 3HR T ORIl
SICE S CIuE AL, & Cr Mo 1 W 1 k41
12 TiC 58 Ak S DG AR B B AR AR P BRIt & .
RO A A U R P R /R TIC S AL 4N 1
JIR A3 L SR RN 28 5% AR SR IR R i T TiC 5 Ak i 5 44
TR R

(3) BT e o014 22 1] LAPRIIE oK TiC 1
1AL TiC KL T1E 1400~1500 “CHaJE X ] T i, 2405
A Ao A A AU TS AT RLSEELROK TiC b+
FESLAR 35053 o

DfET RZRINELE WAL T Z S5,
0.012Ti.,0.6Ti A1 0.6 Ti-3Cr A9 At 1= K 35 B Ry 880 “C,
0.6Ti-3Cr-1W X B KR A 900 °C, [8] ¢ I 35 4y
200 ‘Co DUFp L5040 2= IR 25 A PR RE AR 5 L B KT
530HV, #& JiF 7E 1600 MPa Pk |, ff K = K T 7%,
0.6Ti-3Cr 1 0.6 Ti-3Cr-1W 40 #4fa 5 P %5 0.012T1 4K
RET R

5% Sk

[1] ARCHARD J F. Contact and rubbing of flat surfaces [J]. Journal

of Applied Physics, 1953, 24(8): 981-988.

[2] CASATIR, VEDANI M. Metal matrix composites reinforced by
nano-particles-a review [J]. Metals, 2014, 4: 65-83.

[3] PARASHIVAMURTHY K I, KUMAR R K, SEETHARAMU
S, et al. Review on TiC reinforced steel composites [J]. Journal of
Materials Science, 2001, 36: 4519-4530.

[4] HAMID A A, GHOSH P K, JAIN S C, et al. The influence of
porosity and particles content on dry sliding wear of cast in situ Al
(Ti)-ALO4(TiO,) composite [J]. Wear, 2008, 265: 14-26.

[5] IBRAHIM I A, MOHAMED F A, LAVERNIA E J. Particulate
reinforced metal matrix composites-a review [J]. Journal of Materi-
als Science, 1991, 26: 1137-1156.

[6] MORTENSEN A, LLORCA J. Metal matrix composites [J].
Annual Review of Materials Research, 2010, 40: 243-270.

[7] SRIVYAS P D, CHAROO M S. Role of reinforcements on the
mechanical and tribological behavior of aluminum metal matrix
composites-a review [J]. Materials Today: Proceedings, 2018,
5: 20041-20053.

[8] SALEH B, JIANG J H, MA A B, et al. Review on the influence
of different reinforcements on the microstructure and wear behavior
of functionally graded aluminum matrix composites by centrifugal
casting [ J].Metals and Materials International , 2020, 26: 933-960.

[9] TJONG S C, LAU K C. Sliding wear of stainless steel matrix
composite reinforced with TiB particles [J]. Materials Letters,
1999, 41: 153-158.

[10] EL-LABBANHF, MAHMOUD E R1, ALGAHTANI A. Mi-

crostructure, wear, and corrosion characteristics of TiC-laser sur-

face cladding on low-carbon steel [J]. Metallurgical and Materials

Transactions B, 2016, 47(2): 974-982.

[11] DONG Y J, WANG H M. Microstructure and dry sliding wear



112

Mok T A2 2025411 A

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

resistance of laser clad TiC reinforced Ti-Ni-Si intermetallic com-
posite coating [J]. Surface and Coatings Technology, 2009, 204
(5): 731-735.

DENG J, LIU L, YANG X, et al. Self-lubrication of Al,O,/
TiC/CaF, ceramic composites in sliding wear tests and in machin-
ing processes [ J]. Materials &. Design, 2007, 28(3): 757-764.
CHEN X, LIAO D, ZHOU F, et al. Research on composition
design of titanium microalloyed high-strength weathering steel
[J]. Journal of Physics: Conference Series, 2020, 1653: 012050.
MAO X. Titanium microalloyed steel: fundamentals, technology,
and products [ M ]. Beijing: Metallurgical Industry Press, 2019.
TES], VLA, =HE, A BUB MR I A BRI LT ] 9 L
W, 2009, 37(4): 21-25.

WANG J, JIANG L, YAN F, et al. Discussion on the develop-
ment of anti-wear materials [J]. Mining Machinery, 2009, 37
(4): 21-25.

XWGEAR . AR B D B FE T s (M. Bt I AR R R
#t, 1993.

LIU J H. Principle of material wear and its wear resistance [ M].
Beijing: Tsinghua University Press, 1993.

SO, BEP, WA, 4. SIC R TR G A E G AR T2
LRALHLIR[T]. Za bR, 2001,18(4): 54-57.

GUO C, CHENG Y, SHANG CY, etal. Fracture and strength-
ening mechanism of SiC particle reinforced aluminum alloy matrix
Composites [J]. Journal of Composites, 2001,18(4): 54-57.
Xzl A JE A E I (M. J6 5T HU Tl Rk, 1981.
LIU Y X. Principle of metal heat treatment [ M]. Beijing: China
Machine Press, 1981.

INIRZE, ZR 18R, W0, A5 AR OC R B AR [T KT T
TELT] AoRBL2 5 TR, 2012, 30(6) = 900-903.

SUN Y J, LIS N, SHANG Y, et al. Effect of alloying elements
on electronic layers of martensite tempering resistance [J]. Jour-
nal of Materials Science and Engineering, 2012, 30(6): 900-903.
AN EE . FAS rFa s TR (V] B, 1978(4)
217-224.

YU R H. Empirical electron theory of solids and molecules [J].
Chinese Science Bulletin, 1978(4) : 217-224.

LIU Z, SUN Z, LI Z. Structure formation factor in cast iron so-
lidification theory [J]. Chinese Science Bulletin, 1995 (16) :
1389-1392.

DAIT, LIU Z, QU Y, et al. The valence electron structure of
austenite in low alloy ultrahigh-strength steels and its influences
on kinetics of phase transformation [J]. Science in China, 1990,
33(9): 1132-1140.

LIU Z, SUN Z, LI Z. Valence electron theory of graphite
spheroidizing in primary crystallization [J]. Science in China,
1995,38(12) : 1492-1500.

[24] Ak, ZEbdk, RIFRAR . S i 254 5 St vk R (M. b
at: BREA AL, 2002,

LIUZ L, L1Z L, LIU W D. Interfacial electronic structure and
properties [M]. Beijing: Science Press, 2002.

[25] SKHGAR, AHGEE . Fe-C 5 [RIRM L F A5 M 0 HT[T]. 4 Jm 24,
1984,20(4): 279-285.

ZHANG R L, YU R H. Analysis of valence electron structure of
Fe-C martensite [J]. Acta Metallurgica Sinica, 1984, 20 (4) :
279-285.

[26] XMk, Mol . &4 T SEGHE LG 4 0 P Re
(M. db5t: 1R a Tl A, 2008.

LIU Z L., LIN C. Statistical values of electronic structure param-
eters of alloys and calculation of mechanical properties of alloys
[M]. Beijing: Metallurgical Industry Press, 2008.

[27] KURDJUMOV G V, KHACHATURYAN A G. Nature of
axial ratio anomalies of the martensite lattice and mechanism of
diffusionless y—a transformation [J]. Acta Metallurgica, 1975,
23(9): 1077-1088.

[28] skEuAk. A S/ Famb FEE M. K& SRR T
Jikt, 1993.

ZHANG R L. Empirical electron theory of solids and molecules
[M]. Changchun: Jilin Science and Technology Press, 1993.

[29] THBR . &4 FEf il FaMS 68D RAh & ST R T2
PR AS P (D). 45T JTIRRHE K2, 2008.

YU P E. Planar valence electron structure of alloy and determina-
tion of hybrid state of alloying elements in alloy martensite [D].
Zhenjiang : Jiangsu University of Science and Technology, 2008.

[30] BN, INFTAS, BlEM I, 45 . Bk TiC Hris pLml[T]. ek
WIE4R, 2016, 28(9): 71-75.

LIANG X K, SUN X J, YONG Q L, et al. TiC precipitation
mechanism in high titanium steels [J]. Journal of Iron and Steel
Research, 2016, 28(9): 71-75.

[31] ENOMOTO M, YANG Z G, NAGANO T. Calculation of the
equilibrium shape of TiN particles in iron [J]. ISIJ International,
2004, 44(8): 1454-1456.

[32] TERENTIEV S. Molecular-dynamics simulation of the effect of
temperature of the growth environment on diamond habit [J]. Dia-
mond and Related Materials, 1999, 8(8): 1444-1450.

EE&WH . BEE L LI (2017YFB0305100)

s B9 2023-12-11; R A H . 2024-03-15
BIRAESE PARW (1983—) , I3 2082 , 11, WA 5 1] Sy e i Rt
V& I 5 I R R0 i T R R R BN bk A S R v (Y ZH U R L R R
HUhE - 30T P BE T A X SCAR % 35 4k 11 S R R 5L B AR K B
Sk E K 505628 (110819) , E-mail : dengxiangtao123@163.com

(Aot : 7 4i%)



