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Abstract: The gradient zone formation in Co-W-Ti-C-N, Co-W-Ti-Nb-C-N and Co-W-Ti-Ta-C-N cemented carbides was
simulated by using the DICTRA software package in conjunction with thermodynamic calculations. Simulated elemental
concentration profiles for Co were compared with the experimental results. Taking into account the volume fractions of
different phases and elemental concentration profiles, the effects of sintering time, sintering temperature, as well as the
contents of Co and Ti on gradient zone formation, were investigated. The results show that the simulated results agree
reasonably with the experimental data. The long sintering time, high sintering temperature and large content of Co
increase the thickness of the gradient zone, but the high content of Ti restrains the thickness of gradient zone increasing.
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Fig. 1 Schematic diagram of formation mechanism of graded

cemented carbides with cubic carbide free layer
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Table 1 Chemical composition of WC-Ti(C,N)-Co, WC-Ti(C,
N)-TaC-Co and WC-Ti(C,N)-NbC-Cot' alloys

Mass fraction/%

Alloy
Co Ti Nb Ta C N W
WC-Ti(C,N)-Co 6.85 580 - - 635 038 Bal
WC-Ti(C,N)- -
NbC-Coo 6.75 2.85 4.93 6.19 0.29 Bal.
WC-Ti(C,N)- -
o 6.40 2.72 93 6.02 0.22 Bal

£2 P WC-Ti(CN)-Co 42 oy S e dl il
Table 2 Composition and sintering condition for WC-Ti(C,

N)-Co alloy during computer simulation

6.85C0-5.8T1-6.35C-0.38N-Bal. W 1450 1
6.85C0-5.8Ti-6.35C-0.38N-Bal. W 1450 2
6.85C0-5.8T1-6.35C-0.38N-Bal. W 1450 3
6.85C0-5.8Ti-6.35C-0.38N-Bal. W 1450 4
6.85C0-5.8Ti-6.35C-0.38N-Bal. W 1450 1
6.85C0-5.8T1-6.35C-0.38N-Bal. W 1 500 1
6.85C0-5.8T1-6.35C-0.38N-Bal. W 1 550 1
2.85C0-5.8Ti-6.35C-0.38N-Bal. W 1450 1
6.85C0-5.8T1-6.35C-0.38N-Bal. W 1450 1
8.85C0-5.8Ti-6.35C-0.38N-Bal. W 1450 1

ST
6.85C0-5Ti-6.35C-0.38N-Bal. W 1450 1
6.85C0-5.8T1-6.35C-0.38N-Bal. W 1450 1
6.85C0-6.5Ti-6.35C-0.38N-Bal. W 1450 1
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Fig. 2 Elemental concentration profiles for Co in cemented
carbides: (a) Co-W-Ti-C-N; (b) Co-W-Ti-Nb-C-N; (c¢) Co-W-
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Fig. 3 Phase volume fractions of Co-W-Ti-C-N cemented carbide versus several variables: (a) Sintering time; (b) Sintering

temperature; (c) Content of Co; (d) Content of Ti
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Fig. 4 Elemental concentration profiles of Co-W-Ti-C-N cemented carbide versus several variables: (a) Sintering time; (b) Sintering

temperature; (c) Content of Co; (d) Content of Ti
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carbide versus sintering time

I S AT%1, Co-W-Ti-C-N {4 ZR A FEIH 5 4 4 1
JE T2 IR E T )5 5 08 S i e) SRR 0, B x=ke(x Ky
SR IRRE, ¢ et k & E). X—iH4
A5 AR S5 Sz 45 TR ARF (B B e 45 I TR
B R J2 S RE R ) o 3K DR Ry e gl N TG, R Tl
AT T M) Ti S JROHRG 45 R 1) £ 4t
H O EE B, PR Ti S A C RN SRR
PE AL TT AW TR, S0 UE T 6 B8 2 T B i
&Y EEEEI, Kk, A DICTRA BB,
JEJZTE o 5 B o

H1 1] 3(b)~(d) A1 & 4(b)~(d) 1] LA3 51145 31 Co-W-Ti-
C-N 4 F0 FEAM I 75 4 o 155 2 S FE R RS 453 B2 L Co 5
AT B SO A, T BA B R ek
SEILE . Co S HbAT Ti F HENIRR 2 )R BE IR
6~8 3R INMEIZIEE S e iR, Co FrE Ti
REAIPS W

EH P 6 T, o6 P82 22 5 i 48 et FEE T v T 384
I R AR S PRy s i 48 LA — BB P e 5 R
i, B R BT ) o I RN B TR, T

40
6.85C0-5.8Ti-6.35C-0.38N-Bal.W, 1 h

- 300 1550 °C, 30 um

=)

& .

g 1500 °C, 26 um

g

&= 20r1450°C, 21 um

10

1440 1480 1520 1560
Sintering temperature/'C

6 Co-W-Ti-C-N {7 Z 6 AT 5T G B 32 122 52 Bt e 44 i
JEAAL AL
Fig. 6 Gradient zone thickness of Co-W-Ti-C-N cemented

carbide versus sintering temperature

70

1450 °C. 1h
6ol 12.85%, 60 um
50+
E
S a0}
% 8.85%, 33 um
S 300
<=
= 6.85%, 21 um
20r
10}
5.85%, 3um .
0 5 10 15

w(Co)/%
7 Co-W-Ti-C-N A& Z b SRS 5T 5 b 8 22 )5 Bl Co 5
BRI
Fig. 7 Gradient zone thickness of Co-W-Ti-C-N cemented

carbide versus content of Co

FIN 7 Co Khgh M P s BER o, 9 HodiR 4 &,
M 5 B0 U 5 A1

W 7 Pior, BiFE Co SN, A& 4
R oz RN, X4 AT
SCHWARZKOPF 2L {5 15 B 5 22 S5 15 Co 1
(TR IE B, H 5 FRYKHOLM 252157 45 SRA
U(Co ARG EHAIT T 5%, BREIZIE TR ik
REL RIS P S0 45 B (G 4 Co TR Z,
B G h BE L R S, B R R M) B o X
B4 Co EBAFAETARELE AT, Co S it i3 I A B 2
JERITE SR AL T 2 [ HOE I, e A SR
P MRS, MnFBEEELZ TIN Al Ti(C. N)



A G EE R

2012 4E 5 H

1446
40 .
1450°C, 1h
5%, 31um
30}
E
2
[=)
-
S
£ 20! 5.8%, 21 um
6.5%, 151m
10 : - ' -
45 5.0 55 6.0 65 7.0
W(Ti)/%

B8  Co-W-Ti-C-N A FBh AT < L )24 )5 R Ti 2 B
AL B
Fig. 8 Gradient zone thickness of Co-W-Ti-C-N cemented

carbide versus content of Ti

SEITAEINIR BRI RAE ST
Hill 8 Flrs, BUAE Ti S iR, B ik
JEIEEERIN, X4 R ke Ay S g 25

(TICN)F &2, B 2RI INAHTT .
3 45t

1) HHEBHLE Co-W-Ti-C-N. Co-W-Ti-Nb-C-N
I Co-W-Ti-Ta-C-N 1A Rl Fi 5 4 Co 7 wEbEE B 21k
T FE J2 15 R 5 S A W) B 8

2) Co HT Ti Jif2 73 £ b £ 25 AR 1 1h 28 55 Kk 45 AH A
SLJTAH AR AR — B . BRI T,
Ti ¥ B RS TR, S8 Co A1 Ti kAR b2 5 el
F. Co FrEdinfeadt Ti mytsild i

3) BHIEJRIESE N7 S e gt a) L e, %
TR T R Al T G < S JE TR I I R A R R
o

4) Co 75 & [ HG 05 | BB FE 2 5 FE I 2 P3G, T
Ti s RN K2 5 3066 B2 2 5 FE N . T imnke
SEIR Lo S EUR L 2 R EE R .

REFERENCES

(1] skulEe, X wk, BUERHE, TSR Co & XUl BiH G Hh LSS
FIFITERE M), P 85, 2004, 19(6): 34-37.
ZHANG Wu-zhuang, LIU Yong, HE Yue-hui, WANG Hai-bing.

Effect of cobalt content on the gradient structure and properties

of gradient cemented carbides[J]. China Tungsten Industry, 2004,
19(6): 34-37.

BRI, TRENAE, BUERME. B AR B TS B i) 41 A R
HO5 R R BB ] B A8 ), 2007, 17(5):
763-769.

RAO Qiu-hua, ZHANG Li-juan, HE Yue-hui. New multi-stage
models of component distribution and elastic coefficient of
gradient cemented carbide [J]. The Chinese Journal of
Nonferrous Metals, 2007, 17(5): 763—769.

JeXBLy, X wk, BUERRE, Wi, BKB, & 05 B
V71 o Afs AR T 5 < Yk AL R 025 B (Y S [0, P A
SJEZR, 2007, 17(2): 326-330.

LONG Zheng-yi, LIU Yong, HE Yue-hui, XIAO Yi-feng, ZHOU
Yong-gui, LI Fang. Effects of carburizing time on microstructure
and transverse rupture strength of graded cemented carbides [J].
The Chinese Journal of Nonferrous Metals, 2007, 17(2):
326-330.

LENGAUER W, DREYER K. Functionally graded hardmetals
[J]. Journal of Alloys and Compounds, 2002, 338(1/2): 194-212.
ANDREN H O. Microstructure development during sintering
and heat-treatment of cemented carbides and cermets [J].
Materials Chemistry and Physics, 2001, 67(1/3): 209-213.
MR, PR, K, W Kk, DA, K, WAL
THZ. BT 20 WC-Co Bl EERE 5T 7 G R EE S5 R R
FISEMRT]. o A 4 2% 4R, 2008, 18(3): 465-470.

XIAO Yi-feng, HE Yue-hui, FENG Ping, XIE Hong, MA Zi-xing,
ZHANG Li-juan, HUANG Zi-qian, HUANG Bai-yun. Effects of
carburizing process on gradient structure and hardness of
WC-Co gradient cemented carbides [J]. The Chinese Journal of
Nonferrous Metals, 2008, 18(3): 465—470.

FOP, PR, MR, W k. RTES 5 MR IR R
T4 4 I BIF 90 30 e [0). o [ A € 4 B 2% AR, 2007, 17(8):
1221-1231.

FENG Ping, HE Yue-hui, XIAO Yi-feng, XIE Hong. Advance in
functionally graded cemented carbides with cubic carbide free
layer [J]. The Chinese Journal of Nonferrous Metals, 2007, 17(8):
1221-1231.

WG, DU, ARG SCBOA, SRUIA. Ti(CN)MITRE L
KR BERTIR B )2 W0 BE A 5 IR S R (0], BE BT 5 <82, 2009,
26(4): 201-205.

WEN Guang-hua, HE Yue-hui, WANG She-quan, WEN
Ying-xiang, WU Ming-jing. Effect of composition and grain size
of Ti(C,N) on the cobalt-rich layer of gradient cemented carbide
[J]. Cemented Carbide, 2009, 26(4): 201-205.

Mook, EiEE, SEdE, PR, Y. BRI A Ak
KSR R[] MoRIa G BHRFE 5 TR, 2005, 10(6):
356-360.

LIU Yong, WANG Hai-bing, YANG Jian-gao, HE Yue-hui,
LONG Zheng-yi. Relationship between structure and properties

of graded cemented carbide [J]. Materials Science and



F22 %S

WRARES, 55 BbJERER& Sbh SRR v SENUBENL S Sk

1447

[10]

[11]

[12]

[13]

[14]

[16]

[17]

Engineering of Powder Metallurgy, 2005, 10(6): 356—360.

JOSE G, ORLANDO P. Experimental investigations and
DICTRA simulations on formation of diffusion-controlled
fee-rich surface layers on cemented carbides [J]. Applied Surface
Science, 2011, 257(21): 8894—8900.

JOSE G, GRETA L, ORLANDO P. Kinetics of formation of
graded layers on cemented carbides: Experimental investigations
and DICTRA simulations [J]. International Journal of Refractory
Metals and Hard Materials, 2011, 29(2): 256—259.

SUZUKI H, KOJI H, YASURO T. Beta-free layer formed near
the surface of vacuum-sintered WC-beta-Co alloys containing
nitrogen [J]. Trans Jpn Inst Met, 1981, 22(11): 758—764.
SCHWARZKOPF M, EXNER H E, FISCHMEISTER H F.
Kinetics of compositional modification of (W, Ti)C-WC-Co
alloy surfaces [J]. Mater Sci Eng A, 1988, 105/106: 225-231.
FRYKHOLM R, EKROTH M, JANSSON B, ANDREN H O,
AGERN J. Effect of cubic phase composition on gradient zone
formation in cemented carbides [J]. Int J Refract Met Hard Mater,
2001, 19: 527-538.

dREM, WEA, K5, O, B 3, AL WRERR
JEEAGE S BB JEE 22 T A S 36 e o SEAUREIULLT]. e 2k,
2011, 47(10): 1307—1314.

ZHANG Wei-bin, SHA Chun-sheng, DU Yong, WEN Guang-
hua, XIE Wen, WANG She-quan. Investigation and computer
simulations of gradient zone formation in cemented carbides and
verification [J]. Acta Metallurgica Sinica, 2011, 47(10): 1307—
1314.

GUSTAFSON P, OSTLUND A. Binder-phase enrichment by
dissolution of cubic carbides [J]. Int J Refract Met Hard Mater,
1993/1994, 12: 129-136.

MR R, REER EAARL XIER, K, BRI wWe-
Ti(C,N)-Co 6 BRI &5 G 4 T WIVE X (KT UL BR 9], Rk
AR HARRIEAR, 2006, 37(4): 650654

CHEN Li, WU En-xi, WANG She-quan, LIU Chang-bin, YIN
Fei, LU Yu-xiang. Formation mechanism of surface ductile
zones in WC-Ti(C,N)-Co gradient cemented carbide[J]. Journal
of Central South University: Science and Technology, 2006,

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

37(4): 650-654.

ANDERS ENGSTROM, LARS HOGLUND, JOHN AGREN.
Computer simulation of diffusion in multiphase systems [J].
Metallurgical and Materials Transactions A, 1994, 25(6):
1127-1134.

SUNDMAN B, JANSSON B, ANDERSSON J O. The Thermo-
Calc databank system [J]. Calphad, 1985, 9(2): 153—190.
FRYKHOLM R, EKROTH M, JANSSON B, AGREN ],
ANDREN H O. A new labyrinth factor for modelling the effect
of binder volume fraction on gradient sintering of cemented
carbides [J]. Acta Mater, 2003, 51: 1115-1121.

SUTHERLAND W. A dynamical theory of diffusion for
non-electrolytes and the molecular mass of albumin [J]. Phil
Mag, 1905, 9: 781-785

EKROTH M, FRYKHOLM R, LINDHOLM M, ANDREN H O,
AGERN J. Gradient zones in WC-Ti(C, N)-Co-based cemented
carbides-experimental study and computer simulations [J]. Acta
Mater, 2000, 48: 2177-2185.

MOHAMMADPOUR M, ABACHI P, PARVIN N,
POURZARANG K. Study of cemented carbonitrides with nickel
as binder: Experimental investigations and computer calculations
[J]. Int J Refract Met Hard Mater, 2012, 31: 164—170.

8 OR, T OF, BURME. BEEE 2N B LA BT Ak
2GRN B (K 7). T4 42, 2007, 24(2): 91-95.
CAI Jun, FENG Ping, HE Yue-hui. The effect of sintering
process on microstructure and thickness of graded layer of
functionally graded cemented carbides [J]. Cemented Carbide,
2007, 24(2): 91-95.

gke, x| wk, BUERME, EiELE. Ti(CN) & B BTS Sh
PEAE A VERE RS AT]. A m S BE S5 42, 2005, 33(2):
28-30.

ZHANG Wu-zhuang, LIU Yong, HE Yue-hui, WANG Hai-bin.
Effect of Ti(CN) content on the gradient structure and properties
of cemented carbides [J]. Rare Metals and Cemented Carbides,
2005, 33(2): 28-30.

(mig  IF458)



