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1. Background

Cemented carbides is widely used in industry
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1. Background

Two types of cemented carbides: tadeoff between toughness and hardness
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1. Background

| Challenges for design of multi-component cemented carbides ;
. ® more than 5 elements, sintering temp. & time, atmosphere etc :
: ® Thermodynamic databases: unavailable or incomplete; No complete diffusion database i
{ SANDVIK: C-Co-W-Ta-Ti-Nb-N (2001) & Commercially unavailable ;
|
|
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2.1 Thermodynamic database for cemented carbides
The C-Co-Fe-Ni-Cr-V-W-Ta-Ti-Nb-Zr-Mo-N system

Gibbs enegy as a function of composition, temperature and pressure

Phase diagram data

Thermodynamic data Thermodynamic database

First-principles calculations

13 elements: Scientific Group Thermodata Europe (SGTE) database
78 binary systems: Assessed (7) or taken from the literature

286 ternary systems:  Assessed (12) or taken from the literature
Assessed systems  C—Cr-Ta,C-Cr—Nb, C-Ta-Ti,C-Ta—Nb, C-Ti—Nb, Co—Cr-Ti,
C-Co-Cr, C-Co-Ta, C-Co-Ti, C—Co—Nb, C-W-Ta, and Co-Cr-W

315 gauternary systems: Assessed (8) or taken from the literature

Most important phases:  WC, cubic carbides / carbonitrides, binder cubic (Co),

graphite and eta (M6C) phases.




2.1 Thermodynamic database for cemented carbides

Phase diagram calculations
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Fig. 1. Calculated Co-Cr-Ti isothermal
sections at 1050°C.
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Fig. 2. Calculated vertical section along the

line of w(Cr):w(Ti)=1:1, in comparison
with the experimental data

> Y.B.Peng, Y. Du, et al., Int J Refract Met and Hard Mater, 42 (2014) 57-70



2.2 Diffusion database for cemented carbides

The C-Co-Cr-V-W-Ta-Ti-Nb-Zr-Mo-N system (11 elements)

o Diffusion in liquid phase Theoritical prediction

Difficult to measure due to convection and microgravity
Limit experimental data

 Diffusion in fcc phase Key experiment & modeling

Annealed diffusion couple EPMA Measurement Diffusion coefficient calculation
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2.2 Diffusion database for cemented carbides

* Relation between D and M (atomic mobility)

. OH;  Of
D. =) (0, =X )XM.(———
Kj Z( ik k)l I(8X- 8X)

j n

e Atomic mobility expression

M = ex RTInM/ o (—Qij 1 = exp AGT ) 1
= OXP RT Pl RT JRT RT JRT

« Parameters in database

AG::;XJ‘E’LZZXJXk {irAGij’k X —Xk)r}ZZZX,—Xqu {ZV} SAGij’k’l}"'
T

j k>j r=0 j k>jI>k S
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Self- and impurity parameter Binary parameter Ternary parameter
Diffusivities are calculated from those of the sub-binary and sub-ternary alloys!
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2.2 Diffusion database for cemented carbides

Self- and impurity diffusion coefficients in liquid phase

Modified Sutherland equation:

( Nl
1+ 2K
D = e T o ks, Bol
g, Boltzmanns constant
6zur| 4, 3 u

-1/2 / l\ ﬁr/\

M T." - g,M: s T (0(rsr)
VS T"exp(C, L) 1(T)=0644x10 (?) (1-0.112 /Ti_m) ,3—{ ASTy }

o, o0(ra>Ig)

1, =C

Kaptay’s viscosity formula Proptopapas’s effective radius equation Sliding friction coefficient

r, and rz, Atomic radius of

. ] m . i .
T™, Melting temperature; p™, Density at the melting point; colute A and solvent B

M, Mass;

» W.M. Chen, L.J. Zhang, Y. Du et al., Philosophical Magazine 94 (2014) 1552-1577
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2.2 Diffusion database for cemented carbides

( This work (using the data of pure elements) does not need any diffusivity data
DICTRA needs experimental and theoretical diffusivities
> Assumption in Frykholm: All elements have the same mobility (Q=65000, D,=9.24*10-7)
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Fig. 3. Self-diffusivity of liquid (a) Ti and (b) Co

» W.M. Chen, L.J. Zhang, Y. Du et al., Philosophical Magazine 94 (2014) 1552-1577 e



2.2 Diffusion database for cemented carbides

Diffusivities in fcc Co-Cr-Nb-Ta-Ti-W alloys can be calculated from
those of the sub-binary alloys.

Co-B6Cr-5.25Ti-3.5W Co-2.25Nb-1.25Ta-0.5W

(a) 0‘1200-1[0.6Ti1 _ cosw (b) 007 | | | |
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Fig. 4. Calculated and measured concentration profiles of

(a) Co-10.6Ti // Co-8W diffusion couples and (b) Co-6Cr-5.25Ti-3.5 W // Co-2.25Nb-1.25Ta-0.5W

> W.B. Zhang, Y. Du, et al., Int. J. Refract Met Hard Mater., 43,164-180 (2014). 13
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3.1 1D simulation of Gradient cemented carbide

Nitrogen gas pressure:Control the type of metallurgical reactions and
rearrangement of the elements during sintering (microstructure evolution)
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3.1 1D simulation of Gradient cemented carbide

P<Pequi Denitriding

WC phase Binder phase
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» W.B. Zhang, Y. Du, et al., Int. J. Refract Met Hard Mater., 43,164-180 (2014).

Fig. 5.
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Simulation of Ti profile at
different N activities.
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3.1 1D simulation of Gradient cemented carbide

W-7.5C0-5Ti-6.35C-0.1N, 14502C, 1h
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Fig. 6. Simulation of Ti profile at

» W.B. Zhang,

different N activities.

Y. Du, et al., Int. J. Refract Met Hard Mater., 43,164-180 (2014). 17



3.2 1D and 2D simulation of Cellular cemented carbide

Cellular cemented carbide:

Typical microstructure Enlargement . superior combination of wear resistance
. ; : ' and fracture toughness

Low Co, Fine WC: @
High hardness

High Oigtq)
Prevent crack propagation
* Migration rule during liquid sintering:
High Co — Low Co
Low Ototq| Coarse WC — Fine WC

Low Ototal — ngh Ootal

 During sintering, binder phase migration
driven by total interface energy (i)

ol _ High Co, coarse WC:
“"High toughness
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3.2 1D and 2D simulation of Cellular cemented carbide

1D simulation: Governing equation

e Case A: Only binder migration

The binder volume evolution equation developed by Fan et al. [1]

) The direction of liquid
Volume conservation: phase migration
y —
dVv 0 Al
—|=—A|-—(V'A) }PI i
‘d!.v V
Final equation:
Al
A (ou ) QA=W 2 o[k (1-u, o A J2Pu . Ko (1=, o A [P
° ot 3 ol u#\1-u ol | u\1-u ol?

0.4
Volume evolution  Driving force P, = 2048 x [(1/u -1)"*-1.41x u}/d

where A, is the cross sectional area, uy is the initial volume fraction of liquid phase, / is the distance, k,
Is the permeability, u is the viscosity of liquid phase and P, is the liquid migration pressure.

> P.Fan,Z.Z. Fang, H.Y. Sohn, Acta Materialia, 55, 3111-3119 (2007). 19



3.2 1D and 2D simulation of Cellular cemented carbide

1D simulation: Governing equation
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» K.M. Cheng, T. Xu, Y. Du et al., Int. J. Refract Met Hard Mater., 42,180-184 (2014). -



3.2 1D and 2D simulation of Cellular cemented carbide

1D Numerical Simulation Results

e Case A: Only binder migration
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Fig. 8. (a) SEM images of the diffusion couples and (b) Simulated Co profile with the
experiment (1400C for 1 h)

» K.M. Cheng, T. Xu, Y. Du et al., Int. J. Refract Met Hard Mater., 42,180-184 (2014). -



3.2 1D and 2D simulation of Cellular cemented carbide

1D Numerical Simulation Results

« Case B: Migration + Diffusion
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Fig. 9. (a) SEM images of the diffusion couples and (b) Simulated Co and Ni profiles with the
experiment (1400 C for 6 minutes)

» K.M. Cheng, Y. Du et al., Unpublished work (2014). 22



3.2 1D and 2D simulation of Cellular cemented carbide

2D simulation Driving force:
 total interfacial energy.

: Mechanism:
Experiment

e solution and dissolution of
WC

e Liquid flow
Initial: WC-6Co in Liquid Co Stable content: 32Co

5 Present simulation:
Preliminary

simulation Only considers solution

and dissolution of WC .

Initial: WC-6Co Stable content: 177Co —
Liquid Co 23
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e The thermodynamic and diffusion databases for cemented carbides
containing C-Co-Fe-Ni-Cr-V-W-Ta-Ti-Nb-Zr-Mo-N have been established.

e The microstructure evulation in gradient cemented carbide and cellular
cemented carbide was simulated, and a good agreement between simulation
and experiment is obatined.

New databases for cemented carbides

CSUTDCC1 —> Thermodynamic database

> Y.B.Peng, Y. Du, et al., Int J Refract Met and Hard Mater, 42, 57-70 (2014)
CSUDDCC1 —> Diffusion database
> W.B. Zhang, Y. Du, et al., Int. J. Refract Met Hard Mater., 43,164-180 (2014)

More information: http://www.imdpm.net
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Thank you for your attention !

Professor Yong Du

State Key Laboratory of Powder Metallurgy
Central South University, China

E-mail: yongducalphad@gmail.com
http://www.imdpm.net
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