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Table 1 Chemical compositions of deposited powders

Mass fraction/%
Powder
C Cr Ni Si Ti S P Fe
Fe-Ni 0.02 0.05 30 - - 0.03 0.06 Bal.
Cr 0.006 =99.5 - 0.006 - 0.01 0.002 0.006
Ti 0.015 - - 0.012 =99.5 - - 0.03
C =99.85 - - - - - - -

Tl & ZIR 2 R R LA 24% Cry 4.87% C. I
424 Fe-30Ni.

AW A5 B 7y B Bk TR 8 2 2
HAHT, AU AR AT T4 3 (120 °C, 1 h), A
JEHIR A LEBIARBORM AR IR Ao FER RIR BI85 J5 %
NRGEE R BRI (NI ) I RS, T2
PRI H I — BT BRI A AR A 45 5 1 5Im
PO R SR R I AR B ) BERUE
DIREIRHG R PRI A S, KA T
FIEAT VI E], AR AR B AR AR
JRAIIG 4, S ARSI R 42 rh 38 2k AR AT T
(PRI S5 B IR B, e ks ROk, 2R
Jo B D) e 2 R S A, R IL i B R  (10000~
15000 C), sxildFE M R It 5 HAREENE 456

W G DI EID) FikkE, SHIFE S,
JHJE i 77 (V(HCL): V(C,HsOH)=1: 1) W AR RERE4T 85 il .
I MDI200 B2 G AH BB L s e AR 4.
ISM—6510LA Z4 =145 L5 70 A 5404 T A B85 453 B8 ot Fr 1k
Wik H Inca X-Max BEREAX TS Bk CE&
2N S . ] DX=2700X 7Y X SR AT MR 2
YIARAL R . I HV1000 Y 5 f0Ad 15 1 i S i
AT RN 300 g, IN#EIE 10 s,

T3 o) R R R A AE M—2000 ARG L1t
1T PEEERAAE N 34 200 N, W30 0.836 m/s,
WENIEES 500 mo W)z BFE, RS 30 mmX7
mmX5 mm, FLIAKEE R,<0.6 um. NAFEEA)
o T10 4%, WAMEZ 0 d 40 mm F1d 16 mm, [
JE4 10 mm, &9 AR 5 7% AR 5 24 (60+1) HRC,
KIMMLRERE R,<<0.8 pum. BEEEIN KL d ik ae L B 2 R 4R,
RAEMF N 100 K/so BEEETH I 1 A5 204k
DAL 1A B0 2 i S L L 0~500 °C).

ORI B R — T BRIk R AE,  Ho A
[ (I FURT S 75 AN R (R B 400 %, nxof T [ B B 1Y)
BERL, @ R PR BE B A, X TR, K
JH BN B[R] A PR B 40326 0T 185 AN [l A ] 7 B 43

R AR SR . T A B AR Tic 5 M,Cs
PR Fe etk 2 [a] ()3 B A 2280 Ko IR, ASHIFFER T
LN RN S (TR P ] 1 g P = s Wy R

K, =0 (i’ (N ) (1)

n

s Am JEPEBOEFE P R BERIR, BERAT S 1R
i H MettlerAG204 B 1 43 #7 RP AR & (RS B 0.1
mg), ZRI 3 WIEFEIME: p ZIRIEMERL,
gm/em’, SEHNEKIEMRARE V, 1 MettlerAG204
FREUSRE m, ol p =m/V IPEEE; F, 25Nk
fif, N LEPEHEFRET, mo V)24 0 i 30 K oy
JHl SEM Al EDS 43 #7.

2 HER51he

2.1 SEERREERSHT

AHF ST S K ATy F AR E KA Thermo-
Calc %} Fe-Ni-Cr-C 4§ Fe-Ni-Cr-Ti-C £ L& & 1A R (1)
SPEEAH AT TS, a5 R 1 . nTRUE #:
1) Fe-Ni-Cr-C & A& R AL s i & 20 5.3%. 1X
TR R 4.87% VR IE WAL A L. il B
H 4.87% C FRACK, S6 BT 2 S e
M;Cso S JERER] 1363 K I, KA L—y #48  JE
NFEE] 1344 K B, AT IS R A, AR
BEHRN av yv M;Cy FE A HE 1@); 2)
Fe-Ni-Cr-Ti-C &< R ILd i ik & 5290 5.2% 0 X3
WIBK & 5o 4.89% VR JE A A Gh 2. il W
4.89% C FREW, SEMBAHTHTH TiC. il B
1520 K B, P AEAR BT HY M, Cso L T R3] 1356 K
B, KA Loy #AF . W% FRES] 1314 K B, AHF
Fribd A5, BRWRZEFEEAL N y. TiC. M;Cs.
R ESELE 1), THEEREMN, ek sl
IR = ] LIRS 2 oAb ) TiC 1 M;Cs.
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Fig.1 Calculated vertical section diagrams of Fe-Ni-Cr-C(a) and Fe-Ni-Cr-Ti-C(b) systems
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& 2 T 7~ A Fe-Ni-Cr-C 5 Fe-Ni-Cr-Ti-C & & 48
RAEH/ TS T EHAWZEN XRD . #ILL
FH: 1) HH Fe-Ni-Cr-C WG B AR Hl 4 IR 21 FE AN
N RAK ppenig MY M;Cs; 2) HI Fe-Ni-Cr-Ti-C
TRA AR Z 10 2 A 200 B AR ppenips TiCA
M,;Cs. X EBFE Fe-Ni-Cr-C ZM AR hsin 1%Ti )i,
WEP AT TIC A M,Cy IR o

. = YFeNi]
e — TiC
L — MG
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26/(°)
2 Fe-Ni-Cr-C & 4 Fe-Ni-Cr-Ti-C &) XRD #%
Fig. 2 XRD patterns of Fe-Ni-Cr-C(a) and Fe-Ni-Cr-Ti-C(b)

systems

Kl 3 fi7nly Fe-Ni-Cr-C 2By R &R 2 H 1. nf
DIEINREEMEERL 3 mm, B2 SREA KA
G, SHZENBELES, WZENI AR oA

BRI B L HOIR B AR SR A LA (LI 3(a)), 5
LUK G 1T LA B HOIR 41234 7 3 45 4 (O &
3(b))e A T MEHUIRA W) =i AL KRR, 0 [
WHHT T A 2], ] LUR /NI B HRR L 2L =
HrLE Ky A NEAEIROLIE 3(c)). EDS 459K, %4
2RI ITC R A KN 29Fe-3Ni-64Cr-4C(L 4 2), 454 XRD
SIRTEE AT, NEAE RN AR M;C(M=Fe,
Ni, Cr), 5 AfhSeokes RHAFCT . T, h
Fe-Ni-Cr-C Z ¥ R il &R )2 TR A M;Cy/Fe 1)z

Kl 4 Fi7” A Fe-Ni-Cr-Ti-C R0y Kl & in 2 A 41
AR BRZE R EEAL 3 mm, WRESIAARE
Wh, SRZIREE A, WIZENTEE ML oy
ARSI SE O HRR . IR (A1 O B 3 A4 R (L 1
4(a)). JEONJEWLARIL, A5k nma
VEZ a1/ Nk AL 4b)). [FIRERHR JZRAREAT
TR AR, W] LA B AR SR T A A R 2 AR KA
Fi(WLFE 4(c)). 4t EDS(E 2)45 XRD 7-#r4s R nl 4,
FEARZH U G R M;Cs, BURLZHZUN TiC, =
YA KA N IR, SEAE 10~20 pm 2 08, 3/
T M;Cso XEIAFEISAT T, TiC AKHEE N T
M;Cs o AT J5f8, 1 Fe-Ni-Cr-Ti-C &M R Hl44%
JZ TR A TIC-M;Cs/Fe i3 )2 .

XL 3(a) 51 4(a) T LAKIL: 7E Fe-Ni-Cr-C &
M AFER AN 1%Ti 5, ¥RJZ T AR M,Cs I R3S 0
T M RSFIRNT o BRI I Ti X A A B MyCs
AR A E R -
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3 Fe-Ni-Cr-C &¥R/ZHE
Fig. 3 Microstructures of coating of
Fe-Ni-Cr-C system: (a) OM; (b) OM,
high magnified; (¢) SEM

B4 Fe-Ni-Cr-Ti-C RiR/A414
Fig. 4 Microstructures of coating of
Fe-Ni-Cr-Ti-C system: (a) OM; (b) OM,
high magnified; (c) SEM

F2 Al araiR 2.3 TiC-M,C3 B KB BIRZEMK R
Table 2 Results of EDS analysis i Fe-Ni-Cr-Ti-C /& Z AL 1(b)yrf%1: &)=
point X% AR, HERE L-TIC A, RGN L—
Fe Ni Cr Ti C TiC+M,Cs, RIWAHTSEbTH TiCc, HUCh MyCs.
1 2951 252 63.56 - 423 TiC-M;Cs/Fe IR)/ZHA G L LE 4)FKH: 7E M;C; 1)
2 4478 365  46.65 - 492 WEBAE A TiC ki, BB TiC WAET M,Cs K.

3 - - 1528 7255 1227 SREW]: PRZ A TiO6 MoCs AR 4 A6 R A
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HEERZIER o IXRAPIAEAR TiC(s) WIAE K IR AEAH
M,Cs A%, TEEE M,Cs 7E3RZ I A% R4l
AT

EFPRAEAR M;Cy LAWIZEAH TiC(s) K 28R AT B
R BE ) T = 2 (R R AR S5 M R R BT e H A
PR G SR B T AN 2 AR AR 2R T S5 HE S AR
PR WIAAR TIC(s) el AR IS, IARTE ¥ S 1i B B g
Ao DER, HIZEAH TiC(s) A (R B A4 M, Cs A%
MR T o DRA R 4b 1 R B~ o B I, SL3ARR AR,
T B %A B s D AR o AR B 1 ) [ AT
FEICHERWDEAR RS, 75 B AR S B B ag, BRI M
AHTR R R BRSO RS o S BURAZ I, A 1) 55 AR 10 2
K EWIE AR D, XA LRI, 28055, K
S AH [R] A BT IC B AL T — AN/, g i) DASE
TP AR SIS T N o BB, RA AR S AEAH &
2 B BA AR S | HBe, AR T RAEMTEZ.
BRAMFITT % TURNBUL 2101y o Bl i i 22 24 2 ke
WEfE, I TR AR AR FR EOR T S A AR AR £
[0 5 PR B e AT 2 R 1 s BRI RE LAY

(hkl )s ‘
(hkl) _Z

100 2)

L],

=)

A (hkl)s AN E ARSI ARFR AR T s [wvw] A2
(kD) AT L FRARTEECSE 7] s (hkd), A& Az AR EAh
M5 [uvw]y A& (hkl), & ERRIEEGR A djp 20
[vw], @8 ) ) RUBETATEE s s A2 [uvw]s i 1] ) 25
B8 6 A& [uvw] Fl[uvw], Z [BITRFE (0 <90°). WL
T 2 S RO & <6%INF, A0 AR L Tt i gk
WAMBAETEERG 6%< 8§ <12%I, 474 [ A3
JERNHRE R AEATTEAZ G2 11 8 >12%I0F,  H)AE [
FHBE R RE R A A A% A TE3K

tH XRD Zr#frel &, W0 Ti ez i e Ad
M, Cs A& G5 N IEAS R, el 50 @=0.701 nm,
b=1.214 nm, ¢=0.453 nm. HJEAH TiC A THILa 7 7 45
K, SR ECN a=0.432 nm. {1 TiC 5 M,Cs [R5

&3 TIiC 5 MCs IR i L e e TH S 2R

W MARN R Q) TH A KR 8 T (110 e 5
(001),c, Z IS BE R 6 =9.3% (W& 3), J& T
6%< & <12%u [l FH TiC W43 R BERRIR AL
M;Cs IR . THEA R S0 2 /A& (LA 4),
TiC 5 M,C; ik L S R ILIA 5.

A
—— 6
/7 \
111K,
l [ TiC '
101 ]y
7
[[10]5c VY [1000we,
I 7
\ /
N 7

5 BIAAH TIC 5 IRAAH Mo Cy A RS HE L RE G &R
Fig. 5 Relationship of lattice misfits between TiC and M,C;

24 TiC-M,C; BRI #A N
H XRD 7345 R 51 (WKl 2), 4 Fe-Ni-Cr-C
W TR G, WIE AT M;Cs AT TIC AR .
NG R B RLE 4), 15 MGy AR A FBAIER T A
TiC BURL. difARZ A5 R, M,Cy HiAR ] LA TiC
NS RHATAEA A . BT LA Ti Lo s, 2k
TiC MM, M,Cs LG %, ff M,C AR T
AL 3 PR SR R 3T 240 SR i LA 23 4
H T Fe-Ni-Cr-Ti-C 4 Rk )Z o A Rl H oAt
AN : FesCo CryC. CrpCen CrsCp 25), PIAY
T A R B M,Cs F1 TiC RV ERALI I AE S . )
Ah, ALY M,Cs (M=Fe, Ni, Cr)#& i Fe. Ni [t
Cr,Cs 3643 Cr i filke KRtt, mI a4k & R 4% CryCs
HUTIC PRI S o IX PR AL 1 S 97 280k

Ti+C—>TiC 3)

7Cr+3C—>Cr,Cs @)

Table 3 Calculation results of two-dimensional lattice misfits between planes of TiC and M,C;

Interface [hkI]vic [Pk ]m,c, djparic/nm iy Myc,/nM 0/(°) /%
(110)1ic1(001)p,c, [001] [001], 0.432 0.453 0 9.3
10], [100], 0.610 0.701 0

1
[111], [101],

0.747 0.834 12.1
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AHP(T)=AHE +[ ] C,d(nT)+ Y AR, (5)

g pP.mil

AH!
I

ASP(T) = SP(298) + j 21"98 Cpmd(InT)+ Y (6)

AGy = AH? —TASY (M

X AHD(T) T AS® (T) 43 BN T I 505 i 1)
PRI AR 725 AGE kRN () Gibbs [ HRE
W IE OR GE R A C =+ 5, x 107 T ¢ x
10°772 +d, x107°7?, J/(mol-K); AH! I AH! /T, ¥
FUR ARSI AR AS AR AR, 25 R AEARAR R A
SN A AR, W “+7, RN “=70 i
ST FHE Wk 4, TS LK 6.

Wi 6(a) i, W a(3)F(4)H) Gibbs H HAEAG
R AAE . BRI % b, WA R NARE R AR, 1
SV RBYIAG A% T 2@, BT LU w3 Ti+C=TiC
WG R, RIERT )% T 5 R ke Tic. [
I 6(b) o, I G)RI(4) IRV AE UG AH T4
XPEHS LR, B R g R R 2

Kl 7 7R A Fe-Ni-Cr-C Fll Fe-Ni-Cr-Ti-C 1A %1

F 4 IS R

Table 4 Thermodynamic parameters

DSC 73#r. ATLLE 2], #AH I Ti #H1i6, Fe-Ni-Cr-C
RRAHE R A — A, HOREEh 1537K, 5
Bl 6(a) A1 2SI GRGR B 1500 K #21E. MinA
1% [f] Ti Ji, Fe-Ni-Cr-Ti-C KR H WA H
H—ANROR IR FE O 1532 K, $24T 1537 K, 1]
LB Y A 2 (4) SNTBH: 53— AN BN R TR
PR 1579 K, RS KT 1532 K, AT AN JBARIE BY,
H ARG NEH . [FI, B 7 878 7Cr+3C=Cr,C;
() S B JRGE KT TiHC=TiC, FWIE R I5AL
A ARRRIRALY) CrrCy 2 1 TiC. X 52 ZL45
FHWELE 4).

2.5 TiC-M;C; futtiR AT B s BEE E 451

Pl 8 FIras A2 M, Cs/Fe A TiC-M;Cs [ 3l 5
BRDRES R T RE N B E 2 A8 k. TR B, JEE
BHRIGH BL(RT “ SR B IR I EEEE N e — A
BUNEHR NN, SRE R A — AN RO F R
G, SEAN MR RS “RERT B ),
JER—AN“S” e M4k o FR—FEIR MyCs S5 210 “ 1
A B BEER N EC B AR LG TIC-M,C; AR )Z
IR “ AR B BEBEDE I B I 5 HoBr Ak )
PN BEREROW e 0T AT 5 1M R FF 4R

- -3 572 -6
Phase Temperature/ AdHo8/ Sho8/ Com=atbX 10 "T+c X 10°T“+d X 10 T
K (J-mol ™) (kJ'mol ™) a b c d
Ti <1933 0 30.65 19.828 7.924 - -
C >1100 0 5.74 24.439 0.435 -31.627 -
Cr,C; <1500 —181.17 200.83 238.321 60.919 —42.468 -
-120 -160
(a) (b)
-1301 ——" " —"— 200 Ti+C=TiC
PN -140F 7Cr+3C:Cr7C3 P
5 5
g -150+ g
. . _24 -
g 160 2 "
S 160} =
3 3
170 + -280
Ti+C=TiC 7Cr+3C=Cr;C;
-180 | "
—190 L L L L _320 [ L L ! L
900 1100 1300 1500 1700 1900 900 1100 1300 1500 1700 1900
Temperature/K Temperature/K

6 3)FI(4)I) Gibbs A HIAEAG F SN AL BB A H B i 48 1k,

Fig. 6 AG—T(a) and AH—T(b) curves of reactions (3) and (4)
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116.5)/g

Heat flow/(W-g™)

1300 1500 1700

Temperature/K

7 Fe-Ni-Cr-C 1 Fe-Ni-Cr-Ti-C A £ [#) DSC 2k

5 '
900 1100

Fig. 7 DSC curves of Fe-Ni-Cr-C(a) and Fe-Ni-Cr-Ti-C(b) systems
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10 20 30 40
Sliding distance/m
- . . - 20
0 100 200 300 400 500
Sliding distance/m

Fig. 8 Variation of friction coefficient of M;Cs/Fe(a) and TiC-M,Cs/Fe(b) coatings

PRI, RO, D) IR R T R AR RVE R IS
Bjo ZJG, WIRHEERERIIZ MIEH AT ULEC, )
RIMG SR, FIRMIBR, W EERE R T 458 Kk 2k
AN o EH M R P DR B Y Bl B R K sk (1
).

T Bl BRI — A Sl 2R AU B R TP A B A
BRI PR AR T ST BRI, I AT LA
R T AR OB IEH T, BRI . T T R A A
N, BEERRIZ MAME = AR i 2 (D LR RN,
B R AR S i, U TE I i Sl
B A WA R R R R AR T R RN, B
PR S B R R, X SR AR E — e R
PR A HEARRE I B 2 AR A BAR o P B T L
BECRIFR “INHR” Yo NI H BAE JLANMCK il 3R i L,
SO ik JU T AR R RE, FRLRINI (] Ay JLAN D 21 LAk
Fb, ARSI 28 A . T R AR TR
HREeRh b, BT RARO AR I TR e, Mk B

)5, AR BB R A 5648, Wk A AL
B -

19 T Ry R H e/ > Feddond 1 3 R il T
W Z M CRMAT TG, 4R IE 5. WG
B, ZHEMFEREMIITRERE: y=a-bX " R)E
M;Cs/Fe Fl TiC-M;C; #U& J5 FE I s REL R 43
54 0.998 F10.997, L 1, RFRZEEGRT Yy 5
W ANEE B x 2 [ oA oK . ¥%)2 M;Cs/Fe Fll TiC-M;C;
AT FE a0k 0.169X0.99" Fil 0.204 X
0.99°(K 4). y'BE x FIE NN . RIIPIFhESHTR)Z
(1) PR T R B LR B B Tt eI, 1 S iR s 2
TiC-M,C3 ¥ 211 y’jiﬂ; M;Cs/Fe ¥R )2, %W TiC-M,C;
WIZETHERE R, FrLh TiC-M,Cs ¥R)2 I BRI S
(41.4 C)fE T M,Cs/Fe % 2(39°C).

K 10 FT 7~ A M7Cy/Fe F1 TiC-M,Cs/Fe W3 Rh &5 44
JER AP IE AR BRI L. PTRAE R 1) 3
— MyCs B RIRJZ T, My Cy AR BB 1 H DL % 2



5527 455 10 R, S AL AR TiC-MyCy RIATTR IR 45K S 0 2 BE R 22 2069
45 45
@ Normal load: 200N (0) Normal load: 200N
Sliding speed: 0.836 m/s Sliding speed: 0.836 m/s -

40r  Sliding distace: 500 m 40r  Sliding distace: S00m ___ s
o o -
B 35t ” B 35t
g g
5 5)
g 30t £ 301
& O Temperature variation of = O Temperature variation of

il coating M,Cy/Fe ) sk coating M,C;/Fe

= Exponential asymptotic fit of — Exponential asymptotic fit of
temperature temperature
20 ! 1 L ! L 1 20 1 L 1 1 1 |
0 100 200 300 400 500 0 100 200 300 400 500

Sliding distance/m

B9 M,Cy/Fe Fl TiC-M,Cy/Fe 1) BEHRIE B A AY,

Sliding distance/m

Fig. 9 Variation of temperature of M,C;/Fe(a) and TiC-M,C;/Fe(b) coatings
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Table 5 Nonlinearity fitting results of temperature and sliding distance

y=a-bXc" 5
Coating R Derivation of y
a b
M,Cs/Fe 39.4 16.9 0.99 0.9981 0.169X0.99*
TiC-M;C;/Fe 424 20.3 0.99 0.9977 0.204X0.99*
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Fig. 10 Characteristic of worn surface of carbide in M;C;/Fe(a) and TiC-M;C;/Fe(b) coatings
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Fig. 11 Characteristic of worn surface of M;Cs/Fe(a) and TiC-M,Cs/Fe(b) coatings
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Hybrid structure and dry sliding tribological characteristics of
in-situ synthesizing TiC-M,C;

YUAN You-lu', ZHANG Yi?, LI Zhu-guo®

(1. Hubei Key Laboratory of Hydroelectric Machinery Design & Maintenance,
College of Mechanical and Power Engineering, China Three Gorges University, Yichang 443002, China;
2. School of Mechanical Engineering, Changzhou University, Changzhou 213164, China;
3. Shanghai key Laboratory of Materials Laser Processing and Modification, School of Material Science and Engineering,

Shanghai Jiaotong University, Shanghai 200240, China)

Abstract: The TiC-M,C; hybrid reinforced Fe-based coating was fabricated by in-situ reaction method on low carbon
steel plate by plasma in-situ metallurgy process with Fe-Ni-Cr-Ti-C powders. Microstructure and hybrid growth character
of TiC-M,C; in the coating were analyzed by OM, SEM, XRD, EDS, simultaneous DSC-TGA, and thermodynamic
analysis. Dry sliding wear behavior of TiC-M;C;/Fe coating was tested and compared with single rod carbide M;C;
reinforced Fe-based coating M,Cs/Fe. The results show that the primary phase TiC can effectively act as the substrate for
the nucleation of M,Cs, thus can promote the formation of M,C; in the TiC-M;Cs/Fe coating. The dry sliding wear
resistance, frictional temperature, surface crack rate and brittle peeling pit of M;C; rod of coating TiC-M,C;/Fe are higher
than that of M;C;/Fe. The relationship between temperature and sliding distance fits the exponential asymptotic stability
model y=a—bX ¢". The main dry sliding wear mechanism of coating TiC-M;C;/Fe are abrasive wear and oxidation wear.

Key words: in-situ metallurgy process; TiC-M,C;; hybrid structure; dry sliding; tribology
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