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Summary:

The decision of problems of durability, in particular of shock resistance and

resistance to wear of tool materials, has allowed to formulate a set of the

requirements to them, and also to establish dependence between physical

properties and characteristics of wear. However for understanding of a nature

of processes, determining, for example, tribological property of the cutting tool

it is necessary to consider interaction of atoms among themselves in a

crystal, carried out valence electrons. We spend theoretical study of the

physical properties of cutting tool materials of system W-Ti-C in a wide

interval of changes of concentration of titanium. Are calculated total and

partial local density of electronic condition for each atom in a hard solutions

W(1-x)Ti(x)C. Within the framework of one approach comparison of electronic

structure of considered(examined) firm solutions in comparison to binary

analogues is spent. Calculation partial local charges of valence bandof

system W(0.83)Ti(0.17)C has shown, that there is the carry charges to W

(0,33e) and carbon (0.29e), and Ti acts in a role of the donor of electronic

configurations W and carbon. The analysis of the given accounts of electronic

structure and absolute termo-e.m.s. for system W(1-x)Ti(x)C to predict

optimum concentration of Ti in the given system, determined by area of the

minimum meaning of absolute termo-e.m.s., that proves to be true by x-ray

researches.
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System researches of the last years, in a combination to the analysis

received in work [1] the formulas, have allowed to define the basic ways of

decrease the wear and management of the wear resistance at friction in

conditions of cutting:

• Maintenance of a TD-condition of a tool material with the minimum

meaning of density saved entropy;

• Localization of thermodynamic processes in thin-film structures;

• Application of cutting materials with high meaning of critical density

of entropy;

• Maintenance of a mode of self-organizing;

• Development of criteria of optimization and analytical dependences for a

choice of an optimum mode;

• Diagnostics of wear during cutting.

The significant interest represents consideration of the first direction, the

realization of which assumes the decision of problems macro- and microlevel.

In particular, at a microlevel a major problem, on our sight, is perfection of

structure of a tool material. As in quality of structural - sensitive parameter

size termo-e.m.s. can serve, which is defined by character of distribution of

density electronic condition (DOS) in a vicinity of a level Fermi, the

establishment of correlation communication between parameters of the wear

resistance and termo-electrical of the characteristics of a tool material

represents scientific and practical interest [1-3]. Carried out in [3] the analysis
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and estimated accounts of the wear resistance have shown, that lifted in [4]

the concept of the termo-e.m.s. a parameter of the wear resistance is

objective.

As is known [5], termo-e.m.s. is caused by three reasons: by dependence

of a level Fermi from temperature; diffusion of electron and enthusiasm

fonons of electrons. For understanding of a nature of physical processes

determining the tribology properties of a material of the cutting tool, it is

necessary to consider interaction of atoms among themselves in a crystal

carried out valence electrons and described by the equation of Shredinger.

Size termo-e.m.s. are defined by character of distribution DOS in a vicinity of

a level Fermi. Less size termo-e.m.s. is experimentally established, that than.,

the above the wear resistance of a material. Thus, absolute meaning termo-

e.m.s. can act by the important indicator in search of structure of new cutting

tool materials, acting in a role «bridge» between their electronic structure and

the wear resistance.

One of the main tasks of a science about friction and deterioration is the

development of analytical dependences for a settlement estimation of size of

deterioration (or intensity of wear process) with the account probably of

greater number of the influencing factors. Let's consider the most investigated

kind of wear process - abrasive, which agrees by the data Vierrege G. [6], is

shown with uniform intensity in all range of speeds (temperatures) cutting.

Therefore we shall establish interrelation between termo-electrica! by the

characteristics of a tool material and relative wear resistance at abrasive wear

process, using classical dependence Hrushev M., the hardness of tool

materials of materials can be found on correlation dependence. For definition
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expressions allow on data of account complete and local partial of density of

electronic condition and experimental meanings termo-e.m.s. to receive

estimations of wear resistance of a material of a product at abrasive wear

process.

The electronic structure carbide of systems WC, W^T^C, TiC paid off by

a method local coherent of potential within the framework of the theory

repeated scattering under the circuit, described in work [9]. The theoretical

study of the specified properties of tool materials of system W - Ti - C is

spent in a wide interval of changes of concentration titanium, considering

them as firm solutions of the carbide tungsten W^Ti x C (x = 0.. 0.6) with

structure of a lattice as NaCI. Are calculated complete and partial of density of

electronic condition for each atom in a firm solution. Within the framework of

one approach comparison of electronic structure of considered firm solutions

in comparison to binary analogues is spent. Calculation partial charges of

electrons in the top part of top valence band of firm solutions of the carbide

tungsten and titanium (W, Ti) C has shown, that to increase of concentration

the carbide tungsten in system there is the change of numbers of filling. At

replacement of atoms of the tungsten by titanium, there is the downturn of

statistical weight electronic sp3 - configuration of atoms of tungsten.

Similarly, using experimental meanings termo-e.m.s. of the materials,

calculate the hardness, relative wear resistance and energy of

communication, which are submitted in tabl.

The analysis of data table shows, that the given model reflects the

tendencies of increase the wear resistance of tool materials in a this line, with

reduction termo-e.m.s. Observable increase relative wear resistance of tool

materials on a basis carbide of systems correlates with increase of energy of

communication in a tool material.The increase of energy of communication
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can be explained hybridization of 2p-condition of carbon and 5d-condition of

tungsten, doped of 3p- and 3d-condition of titanium, that indirectly proves to

be true by increase of hardness in the this line.

Table. Settlement the wear resistance tool materials for temperature of

cutting t = 600° C

Material

we
BK8

(W - 8Co)

T5K10

(W-5TiC-10Co)

T15K6

(W-15TiC-6Co)

T30K4

(W-30TiC-4Co)

T60K6

(W-60TiC-6Co)

EF,

Ry

0.900

0.920

0.913

0.918

0.930

0.970

s ,|dV/deg

-23.0

-20.3

- 19.4

- 16.6

-11.9

0.96

H,

GPa

23.57

25.54

30.68

34.40

39.38

57.65

Ry/un.cell

10.7

11.1

11.5

11.9

12.3

13.6

' OTH

330.45

358.13

430.06

482.29

552.21

808.83

Thus, with reduction of meanings absolute termo-e.m.s. As the

characteristics of electronic structure of a tool material is increased the wear

resistance.

Received settlement data can basically explain marked many by the

authors presence of communication between termo-e.m.s. and intensity of

wear process hard-alloy T5K10, T15K6 and BK8 on automatic transfer lines.
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Correlation connection between intensity of wear process and size termo-

e.m.s. In conditions of friction and cutting, established for firm alloys, is kept

and for other groups of tool materials, for example, oxide-metal material and

high-speed steels.

Thus, despite essential differences of structure of the high-speed steels

from firm alloys and for them character of correlation communication between

the wear resistance and absolute termo-e.m.s. is kept.

The settlement sizes of energy of communication of carbides can basically

be aplicable in future for an estimation of intensity of wear process and for

other kinds of wear process, in particular, adhesive wear and diffusion wear.

R e f e r e n c e s

1. Ryzhkin A.A. 14-th Inter.Plansee Seminar' 97. May 12 - 16, 1997,

Reute/Tirol/Austria. Proc. Vol. 2. PP. 300 - 314.

2. Ryzhkin A.A. Triboelectrical of the phenomenon and wear of tool materials

// Reliability and efficiency machine and tool systems: Rostov-on-Don,

1998.-P. 9 - 5 1 (in Rus).

3. Solonenko V.G., Zarezhkii G.A. Wear resistance of cutting tools: DGTU

and KGTU, 1998. -104 P (in Rus.).

4. Yu.V.llyasov, A.A. Ryzkin, V.V.IIyasov, I.Ya. :lnterConf. DF&PM. Slovac

Republic, Piesany.-1999.-PP.216-218.

5. Blatt F. J.,Shreder P.A., Foilz K.L., Greig D. Termoelectromotive force of

metals. Translation with angl. Under edit. D.K. Belashenko. M.: Metallurgy,

1980.-248P.

6. Vierrege G. Zerspanung der Eisenwerkstoffe.- Verlag Stahleisen.-2.

Auflage.- Düsseldorf, 1970 - P. 81- 83.



A.A. Ryzhkin et al. HM_33 321

15" International Plansee Seminar, Eds. G. Kneringer, P. Rödhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 4

7. Fridel J. The Physics of Metals I..Edited by J.M.Ziman (Cambridge

University Press, Cambridge, 1969).

8. Ryzhkin A.A., llyasov V.V. and llyasov Yu.V. Estimation abrasive

wear of tool materials / Friction and wear, DGTU: 2000.- P.13-22 (in Rus.).

9. Nikiforov I.Ya.,llyasov V.V. and Safontseva N.Yu. Electron energy

structure of nonstoichiometric cubic boron nitride // J.Phys. Condens.Matter.

1995. V.7. P. 6035-6044.

Решение проблем долговечности(срока службы), в особенности ударопрочности и прочности

материалов инструмента, разрешило формулировать набор требований к ним, и также устанавливать

зависимость между физическими свойствами и характеристиками износа. Однако для понимания

характера(природы) процессов, определения, например, трибологические свойства режущего

инструмента необходимо рассмотреть взаимодействие атомов между собой в кристаллическом,

выполненном валентными электронами. Мы тратим(проводим) теоретическое исследование

физических свойств материалов режущего инструмента системы W-Ti-C в широком{...}

Мы тратим(проводим) теоретическое исследование физических свойств материалов режущего

инструмента системы W-Ti-C в широком интервале изменений(замен) концентрации(обогащения)

титана. Рассчитаны общее количество и частичная локальная плотность электронного

условия(состояния) для каждого атома в жестком Указателе времени Вт (1-х решений(растворов) (х)

С. В пределах каркаса одного сравнения подхода(подводящего канала в экструзионной головке)

электронной структуры рассматриваемых (исследованных) твердых решений(растворов) по

сравнению с бинарными аналогами потрачен.

Вычисление частичные локальные обвинения валентности bandof системный Указатель времени Вт

(0.83, который ((0.17) С показал, что имеются обвинения переноса к Вт (0,33e и копировальной бумаге

(0.29е), и действиям Указателя времени в роли донора электронных конфигураций Вт и

копировальная бумага. Анализ данной отчетности электронной структуры и абсолютного termo-e.m.s.

Для системного Указателя времени Вт (1-х (х) С, чтобы предсказать оптимальную

концентрацию(обогащение) Указателя времени в данной системе, определенной областью значения

минимума абсолютного termo-e.m.s., который, доказывается, {...}

Анализ данной отчетности электронной структуры и абсолютного termo-e.m.s. Для системного

Указателя времени Вт (1-х (х) С, чтобы предсказать оптимальную концентрацию(обогащение)

Указателя времени в данной системе, определенной областью значения минимума абсолютного

termo-e.m.s., который, доказывается, истинный рентгеновскими исследованиями.
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WC PLATELET-CONTAINING HARDMETALS

A. Schön, W.-D. Schubert, B. Lux

Institute for Chemical Technology of Inorganic Materials
Vienna University of Technology, A-1060 Vienna, Austria

Since Toshiba Tungaloy introduced their Disk Reinforced Cemented Carbide
to the scientific community, WC platelet-containing hardmetals have been a
topic of major interest.

The present work provides a literature review on the formation and growth of
the trigonal-shaped WC platelets. The review establishes two main
mechanisms of plate formation. Based on this knowledge a new processing
route has been elaborated at Vienna to obtain WC plate-containing
hardmetals. This route is based on the recrystallization of very-fine grained
WC in the presence of small amounts of TiC or Ti(C,N) [0.2-0.7 wt% TiC.N].
Alloys based on this processing method show a high degree of plate
formation with aspect ratios of up to 1:10, as well as promising hardness/
toughness combinations compared with conventional, plate-free materials.

Keywords: hardmetal, cemented carbide, WC platelets, growth twins,
abnormal grain growth

1. Introduction

Platelet- and fiber-reinforced ceramics showing enhanced fracture toughness
appear to be attractive materials for structural applications. Commonly, the
platelets and fibers are added during P/M processing but can also be formed
"in-situ" during the sintering process. The latter route has been demonstrated
to be successful in case of WC platelet-reinforced hardmetals [1-3], based on
a reaction sintering process, and only recently such materials were
introduced into the cutting tool market [4].

The present work focuses on this interesting material development. It aims to
construct a new alternative route for obtaining WC platelets in hardmetals.
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This route originates in a comprehensive literature review and constitutes a
simple and straightforward approach based on well-introduced raw materials
and common processing techniques.

2. Literature

The story of WC platelets in hardmetals can be traced back to the mid-sixties,
when du Pont de Nemours and Company filed a series of patent applications
on WC plate formation [5-7]. Since then, several further studies were
published/patented, based on different principles of plate formation, leading to
the commercializing of platelet-containing alloys in 1998/99 [4]. The following
list of investigations gives a short chronological review on the most important
work on WC plate formation, which acted as a basis for constructing a new
route for obtaining WC plate-dominated microstructures.

1964-72: G. W. Meadows (du Pont de Nemours and Company) was granted
several patents for the manufacture of plate-like WC-based hardmetals. It is
claimed that the plates are formed during sintering of colloidal WC powders in
the presence of an iron binder metal matrix. Such alloys are said to exhibit
superior combinations of strength, hardness and toughness. The platelets
can be oriented by hot pressing or hot extrusion. [6,7].
1968: L. Pons (University of Caen, France) presents a paper on the plastic
properties and grain shape of WC [8]. In one of his chapters he describes the
formation of twinned, plate-like WC crystals on recrystallizing WC with and
without binder by heating to 2000°C.
1975: M.K. Brun et a! (Pennsylvania State University) report their results on
precipitation studies in the system WC-TiC [9]. They observe the formation of
plate-like WC crystals out of supersaturated solid-solution powders on
sintering the powders with 10 wt% Co at 1450°C.
1980-1981: M. Kobayashi et al (Toshiba Tungaloy) publish their work on
twinned WC grains in cemented carbides [10]. Flaky W powders (produced
by powder milling) form plate-like WC during carburization in the presence of
ferrous metals.
1989: K. Kobori et al (Toshiba Tungaloy, Tokio University) describe the
formation of sheet-like WC in WC-(W,Ti,Ta)C-Co alloys [11]. The sheets form
on sintering of (WC/TiC/TaC) powders supersaturated in tungsten.
1992: S. Masahiro (Toshiba Tungaloy) describes a procedure for obtaining
plate-like WC on sintering of hardmetals containing 3-40% of cubic carbides,
by using fine-grained WC powders (<0.5um) [12].
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1994-2000: M. Kobayashi et al (Toshiba Tungaloy) are succeeding in
producing plate-reinforced hardmetals on a large scale. The patented process
[1] is based on the formation of a W-Co-C powder precursor sub-
stoichiometric in carbon (related to the final composition WC-Co), which is
subsequently used for hardmetal sintering ("reaction sintering"). The plates
can be oriented by the use of proper starting materials and processing
conditions [13,14]. Several papers demonstrate the advantage of these
materials over conventional, plate-free alloys. Commercialization took place
in 1998/99.
1997-98: K. Rödiger et al. (Widia GmbH) patent the formation of WC platelets
on reaction sintering of (W, Co, C)-powder mixes in a microwave device [15].
1998: A.V. Shatov publishes a work on the shape of WC in hardmetals [16].
He observes plate-like WC in the system WC-Ni in the presence of small
amounts of TiC. The formation of plates is explained by a face-specific
adsorption of titanium on the growing WC.

From this review two main principles of WC plate formation can be
elaborated:

• Plate formation through recrystallization of fine-grained WC on heating
above a certain critical temperature (which depends on the grain size of
the starting WC and the amount/composition of the metallic binder). In
this case, the WC platelets are formed by a dissolution/reprecipitation
process ("recrystallization") [5,8,12,16].

• Formation of WC plates through nucleation and growth of the carbide in
various chemical environments, in most cases in a solid or liquid iron
group metal binder matrix. In this case, the WC forms anew during
annealing/precipitation/sintering via the transformation of a tungsten-
containing source, such as, for example, a W-supersaturated cubic
mixed crystal carbide (W,Ti,Ta,Nb)(C,N), W, W2C, Co7W6, ri-phases
(e.g. C03W3C) orK-phases (e.g. C0W3C) [1,9,10,11,15].

In both principles the plate-like morphology of the WC can be regarded as a
growth shape of the hexagonal WC rather than the equilibrium shape. This
conclusion is confirmed by the observation that during rapid growth of the
WC, as for example, during eutectic precipitation of the WC in case of very
high Co grades (no WC seed crystals present; locally high melt
supersaturations) very thin WC plates (lamellas) are always formed, rather
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than isotropically grown equiaxed trigonal prisms, which are considered to be
the equilibrium shape of the WC [17]).

It can be further concluded that additions of titanium [9,16] support (stabilize)
the plate formation both during recrystallization as well as "new formation"
(reaction sintering).

3. The Meadows/Shatov route

Recrystallization of very fine-grained WC powders as described by G.
Meadows in 1964 [5] constitutes a straightforward way of WC plate formation.
By contrast with the manufacture of hardmetal in the 1960's powders are
commercially available today with average WC grain sizes in the range of 100
to 200 nm. On sintering of such materials at comparatively high temperatures
(up to 1500°C), WC plate formation occurs, as demonstrated in Fig.1 in the
case of the finest WC powder grade currently commercially available.
However, this kind of growth occurred only in case of heavily milled WC
powders, where the milling process had obviously activated the
recrystallization mode. In addition, recrystallization was very non-uniform and
a portion of very large WC grains with sizes greater than 10 urn always
occurred in the microstructures.
Further experiments then indicated that additions of titanium carbide or
carbonitride can force the recrystallization of the WC in the plate shape, as
described earlier by A. Shatov for the case of WC-Ni alloys [16].

Based on these preliminary investigations a new route of hardmetal
manufacture was established, which is based on the recrystallization of fine-
grained WC powders (so-called ultrafine grades) in the presence of small
amounts of TiC or Ti (C,N). With reference to the earlier investigations by G.
Meadows and A. Shatov this route was named the Meadows/Shatov route.
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10 (jm

Fig.1: Light optical micrograph of a WC-10 wt% Co alloy, ball-milled for 14 days and
sintered at 1500°C for 20 minutes; alloy based on the WC powder shown in Fig.2a;
Murakami etching; 1000 x.

4. Starting Materials and Experimental Procedure

Several ultrafine WC powder grades were taken into consideration for the
recrystallization experiments. This included WC powders produced by
conventional processing, as well as by alternative routes [18-20]. Fig. 2
presents SEM-images of the finest and the "coarsest" WC powder used.

Fig.2: SEM images of the finest (2a) and "coarsest" (2b) WC powder used for
recrystallization experiments; magnification: 20,000 x.
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High purity Co (0.95 |jm; H.C.Starck), TiC powder (3.6 pm; Treibacher
Chemische Werke) and Ti(C,N) powder were used for alloy preparation.

Powder mixes (12-14 wt% Co) were prepared by ball milling (90 hours;
weight ratio of milling media: powder 6:1; 60 % of the critical rotation speed)
or attritor milling (2 hours; 700 rpm; ball size: 1.2 mm; disk stirrer),
subsequently granulated and pressed into compacts at 200 MPa.
Liquid phase sintering was carried out in an industrial GCA sintering furnace
at 1350-1500°C for 20 to 180 minutes. The heating rate was selected
between 3 and 10°C/min and the pressure during isothermal sintering was
<0.01 mbar.
Hardness and indentation toughness measurements were carried out on
selected alloys as described in [21], using an indenter load of 50kgf.

5. Results and Discussion

Several parameters turned out to influence the degree and mode of
recrystallization:

• the sintering temperature and sintering time
• the average grain size of the starting WC powder grade
• the alloy gross carbon content
• the amount of cobalt
• the amount of TiC or Ti(C,N) added (-0.2 wt% -» 0.7 wt%)
• the residual atmosphere/ heating rate

Only the most crucial parameters are discussed in the following.

Sintering temperature/time
In general, high sintering temperatures were necessary to achieve a high
degree of WC plate formation. This is demonstrated in Fig.3 for the case of a
WC-14 wt% Co alloy that was sintered under three different sintering
conditions. At 1400°C, the matrix of the alloy still remained fine, but a few WC
plates with plate sizes of up to 3um were already formed. At 1500°C and 20
minutes, most of the WC grains are already in plate form, and the
microstructure is dominated by a large number of small WC plates with
aspect ratios of up to 1:10. After 3 hours at 1500°C, almost a complete
recrystallization occurred, with WC plate sizes of up to 7 urn.
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Fig.3: SEM images of WC-0.7TiC-14Co alloys, sintered to different degrees of
recrystallization; based on the WC powder shown in Fig. 2a; 4000 x.

Average grain size of the starting WC powder
The smaller the grain size of the WC powder the stronger is the tendency to
recrystallize. "Coarser" WC powders (-0.35 |jm; Fig.2b) need stronger
recrystallization conditions to form a high degree of platelets. Thus, the
sintering cycle has to be adapted to the WC powder particle size.
Nevertheless, almost all grains can be forced into the plate shape (Fig.4).

10|jm

Fig.4: SEM image of a WC-0.35TiC-14Co alloy; sinterhiped under industrial conditions;
2000 x.
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Alloy gross carbon content
It is well known that the alloy gross carbon content significantly co-determines
the dissolution/reprecipitation processes in hardmetals and, therefore, also
the degree of recrystallization. High carbon alloys promote grain growth, and,
consequently, the degree of recrystallization. However, recrystallization
occurs less uniformly and the plates that are formed show a somewhat lower
aspect ratio (Fig.5). Low carbon alloys restrict both the overall as well as the
local grain growth.

,' V V
> 10 pm

K ^ >

\ '".,

~y i

n

J- v. /'

Fig.5: SEM images of a high carbon (left) and low carbon (right) WC-0.3TiC-12Co alloy;
sintered at 1500°C for 20 min; based on the WC powder shown in Fig. 2a; 2000 x.

Aspect ratios of up to 1:10 can be obtained in such low carbon variants under
proper sintering conditions (Fig.6).

pm

Fig.6: Microstructure of a low carbon WC-0.4TiC-14Co alloy; sintered at 1500X for 20
min; 4000 x.
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Local WC plate growth
On recrystallization of fine-grained WC powders a certain plate size
distribution is always formed. The finer the WC powder, and the broader the
starting WC particle size distribution, the stronger is the tendency for the local
growth of very large WC plates. These are detrimental to properties and can
act as a fracture source during stressing. An extreme for such a local giant
plate growth is demonstrated in Fig.7. The formation of such plates can be
traced back to the early stages of sintering (~1250°C) and the occurrence of
chemical and/or physical heterogeneities, leading to a defect-assisted growth
of the WC by formation of growth twins [22]. Such heterogeneities (which can
be already present in the WC powder grade or form during intensive powder
milling) have to be strictly avoided by choosing proper processing conditions.

v ^

•o 7~̂  ̂
Fig.7: Giant WC grain growth obtained in a WC-0.35TiC-14Co alloy; sintered at 1500°Cfor
one hour; such large WC plates can already form during the heating-up of the sintering
cycle (still in the solid state) as a result of local excess carbon.

However, appropriate powder raw materials as well as adjusted sintering
conditions result in alloys with a high degree of microstructural uniformity and
WC plates with plate sizes in the range of 2-5um (Fig.8).
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Fig.8: BSE image of a WC-0.35TiC-14Co alloy sintered under optimized processing
conditions; note that the largest plates are in the order of 7|jm; random plate distribution.

The twinned trigonal WC plate as the growth shape of the WC
The trigonal WC plates can be considered as the growth shape of the
hexagonal WC. TEM imaging reveals that the plates contain growth twins and
stacking faults that facilitate crystal growth by providing surface ledges for
growth (Fig.9). Growth occurs preferentially on the prismatic planes (1010),
whereas the basal plane (0001) remains as the dominating crystal face.

Such crystal defects are also easily visible on the sintering surfaces (skins) of
the WC plate-containing alloys as demonstrated in Fig. 10.
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1 um

Fig.9: TEM image of a WC-Co alloy produced by the "Meadows/Shatov" route; note the
presence of growth domains (twins; stacking faults) which obviously facilitate the growth
along the prismatic planes.

\im

Fig.10: SEM image of the sintering skin of a WC-0.4TiC-14Co alloy; sintered under
industrial sintering conditions; 4000 x.
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Hardness to toughness relationship of WC platelet-containing alloys
Selected plate-containing alloys were used for hardness (HV50) and
indentation toughness measurements. The results are summarized in Table 1
together with those obtained on two commercial, plate-free WC-Co alloys.
From this comparison it can be seen that in the hardness range of
HV 1300 to HV1400 promising toughness improvements were obtained for
the plate-containing alloys, in particular in the case of optimized plate
microstructures.
SEM investigations of the crack paths give evidence for the various
toughening mechanisms that work in brittle materials, in particular crack
deflection and cleavage, but also bridging, microcracking, and debonding
(Fig.11). However, it cannot be excluded that residual stresses, originating
from the cooling due to the different thermal expansion coefficients of the WC
and binder (and being different in plate-containing alloys as compared with
plate-free materials), interact on the different mechanisms, and, hence, also
influence the crack resistance of the respective alloys.

Table 1: Hardness and indentation toughness parameters of WC plate-containing
hardmetals, compared with commercial WC-Co grades.

Co WC powder r e c r y s t a l h - £ crack- Palmqvist- Klc

desig. content est. SEM z a . ' HV50 length toughness [MN
r J n / , • r 7 conditions r , „ , , 7 3/2 7

[wt%] sizefrm] r1500°ci &m] [N/mm] mm3"]

commercial, plate-free alloys
Std 1 WC-Co T370 343 143Ö 12.3
Std2 WC-Co 1297 203 2416 15.5

platelet-containing development grades

1
2
3
4
5
6
7

12
12
14
14
14
14
14

0.12
0.12
0.12
0.15
0.2
0.2
0.35

20 min
20 min
20 min
60 min
180 min
20 min
180 min

1356
1387
1323
1385
1382
1361
1329

214
244
184
254
229
228
147

2292
2010
2666
1931
2142
2151
3337

15.5
14.6
16.5
14.3
15.1
15.0
18.5
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Fig.11: SEM images of crack paths in a WC-0.35TiC-14Co alloy, showing different
toughening mechanisms.

Conclusion

WC platelet-containing hardmetais can be successfully produced by the
sintering of very-fine grained WC powders in the presence of small
amounts of TiC or Ti(C,N) at comparatively high sintering temperatures.
Both, uniform and non-uniform platelet microstructures can be formed,
depending on the starting WC powders and subsequent processing
conditions.
Optimized platelet-containing alloys show superior hardness-toughness
combinations compared with platelet-free commercial alloys.
The formation of very large WC plates (sizes >10 urn) has to be
avoided, since they lower the crack resistance and can act as fracture
origins on loading.
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Summary:

To increase the cutting performance of cemented carbide tools, it is common
to use a high temperature CVD process to coat them with thin wear resistant
layers. During the process cracks are unavoidably introduced in the coating.
To prevent crack propagation it is of interest to create a tough surface zone in
the substrate, enriched in WC and binder phase. A way to create such a zone
is to sinter a nitrogen containing cemented carbide in a nitrogen free
atmosphere. This formation of gradient structures has been extensively
studied using microscopy and simulations, and it has been shown that the
process is driven by diffusion in the binder phase. However, the diffusion
paths are partly blocked by the dispersed particles. This effect can formally
be handled by considering effective diffusivities by introducing a so-called
labyrinth factor, A. In prior work it has been assumed that A = f2, where / is
the volume fraction of the binder. The validity of this assumption has been
studied by simulations and experimental analysis of gradient sintered WC-
Ti(C,N)-Co cemented carbides containing 5.0, 6.7, 10.0 and 20.0 vol.%
binder phase. It was found that by using the labyrinth factor / instead of f2,
a better correspondence between experiments and simulations can be
achieved.
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1. Introduction

Cemented carbides, or hardmetals, are wear resistant hard materials, often in
the form of cutting tool inserts, used for example for cutting, drilling or turning
of metals. The basic cemented carbide consists of hard WC grains embedded
in a Co-rich binder phase, but usually there is also a second hard phase
present. This phase is a carbide or carbonitride containing, for example, one
or several of the elements Ti, Ta and Nb. Addition of this second hard phase
can make the material harder, but also more brittle.

Cemented carbide tools are usually coated with a wear resistant layer to
increase their performance further. The coating is performed using a high
temperature chemical vapour deposition process (CVD). Because of a
difference in thermal expansion coefficient in coating and bulk material,
cracks are unavoidably introduced in the coating. The brittleness of the
cemented carbide may then cause a problem since cracks in the coating
might easily propagate into the base material and cause failure.

A way to get around this problem is to use so called gradient sintering. The
material in this study is a gradient sintered cemented carbide cutting tool
insert, based on WC-Ti(C,N)-Co. Gradient sintering can be performed with N-
containing cemented carbides. The material is then sintered in an N-free
atmosphere, leading to an outward diffusion of N. The gradient in N-activity
created by this diffusion will lead to an inward diffusion of Ti. In this way a
surface zone free of the hard carbonitride phase, and enriched in Co and WC,
is created. This tougher surface zone makes the cutting tool insert more
suitable for coating since it makes it difficult for cracks to propagate.

For the development of new gradient materials it is of great interest to be able
to predict the formation of surface zones. A study of the influence of cobalt
content on the gradient zone thickness was made by Schwarzkopf [1]. In the
present study the software DICTRA has been used to simulate the formation
of gradients [2, 3]. A model for diffusion in a continuous matrix with dispersed
phases has been used [4]. In this case the matrix is liquid cobalt and the
dispersed phases are the carbides and carbonitrides. Due to the presence of
the dispersed phases the diffusion is reduced in the matrix. In earlier studies
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it has been assumed that a so-called labyrinth factor f2, where / is the
volume fraction of the matrix, can be used in the simulations to reduce the
diffusion coefficient matrix of the binder.

The purpose of the present study is to investigate if this assumption gives a
good description of the process. Since the formation of surface zones has
been shown to be controlled by diffusion, a description of the labyrinth factor,
as correct as possible, is crucial for correct simulation results. Therefore, the
influence of the binder content on the gradient zone thickness has been
studied using electron probe microanalysis and simulations.

2. Material and experimental

2.1 Material

The cemented carbide alloys used in this work were based on a mixture of
WC, (Ti,W)C, Ti(C,N) powders and metallic Co powder. A set of powders
were mixed with the aim of obtaining 5.0, 6.7, 10.0 and 20.0 vol.% binder
phase and a constant ratio between volume fractions of cubic carbonitride
phase and WC in the sintered state. Further, the N and C contents were
controlled in order to obtain the same nitrogen and carbon activity at the
sintering temperature for the four alloys. A pressing agent, which is removed
at sintering, was added to the raw material powders. The mixture was ball
milled with cemented carbide milling bodies in a liquid based on ethanol and
subsequently spray dried. The sintering process contained several stages,
including dewaxing, densification and gradient formation. For the gradient
formation the samples were kept at 1450°C during 2 h in a nitrogen free
atmosphere consisting mainly of Ar and CO. The chemical compositions of
the sintered materials are given in Table 1. Full details about the mixing of the
powders and the sintering process can be found in [2]
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Table 1. Chemical composition of the studied alloys (mass%).

Alloy
1
2
3
4

Co

3.32
4.53
6.81
13.85

Ti

5.96
5.64
5.47
4.99

N

0.39
0.40
0.38
0.33

C

6.52
6.40
6.24
5.71

W

balance

"

2.2 Experimental

To study the elemental distribution, electron probe microanalysis (EPMA) was
used. The analysis was performed on a Jeol JXA8900R combined WD/ED
microanalyser operated at 15 kV. The electron beam was set to perform line-
sweeps over 100 |j,m parallel to the insert surface, and was moved
perpendicular to the surface with 1 jam between every sweep. For each sweep
an average composition was calculated. In this way the cutting insert was
scanned down to 500 \im from the original surface.

3. Simulations

3.1 The model

As already mentioned, a model for long-range diffusion occurring in a
continuous matrix with dispersed phases has been used [4]. This diffusion
model is available in the DICTRA software [5], It is assumed that all diffusion
occurs in a matrix, which in this case is the liquid binder phase. The
calculations are divided into two steps, one diffusion step, and one
equilibrium step, where during the diffusion step gradients in activities drive
the diffusion, and during the equilibrium step local equilibrium compositions
are calculated. The Thermo-Calc [6] package is included in DICTRA and is
used for all thermodynamic calculations.

Due to the presence of a dispersed phases (the carbides and carbonitrides)
the diffusion is reduced in the matrix (the liquid binder phase). It has earlier
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been assumed that a so-called labyrinth factor, A(f) where / is the volume
fraction of the matrix, can be used in the simulations to reduce the diffusion
coefficient matrix [4]. This is done by simply multiplying the diffusivity with the
labyrinth factor. In earlier simulations the factor f2 has been used. Since
typical binder fractions are 10-15 vol.% this leads to a rather drastic reduction
in diffusivity. In this work the labyrinth factor / has also been tried. For
simpler systems it is possible to calculate the labyrinth factor exactly [7], but
for the complicated structure of a cemented carbide during liquid phase
sintering this is not possible.

Because of the low solubility of nitrogen in the matrix phase (liquid), an
unrealistically high nitrogen supersaturation may be created in the matrix
phase during the diffusion steps. This leads to numerical problems. The way
to handle this is described elsewhere [2].

3.2 Thermodynamic and kinetic basis

A thermodynamic database [8] for carbon- and nitrogen- containing cemented
carbides has been used for the Thermo-Calc calculations and DICTRA
simulations. Model parameters for short-range order in the carbonitride phase
were included in the database [9]. For the DICTRA simulations a kinetic
description of the liquid is also needed. Lacking more detailed information it
was assumed that all elements, i.e., Co, Ti, W, C, and N, have the same
mobility in the liquid binder. A temperature dependent Arrhenius expression
was used:

M=
RT ^ni' M\

The activation energy, ß, was assumed to be 65,000 J/mol [10,11,12]. A
value of the frequency factor, M ° , was chosen in order to give approximately
the experimentally measured gradient zone width. From the mobility it is
possible to get the chemical diffusivity. In this case we get a diffusion
coefficient matrix where diffusion of one element also depends on the
concentration gradients of other elements. The coefficients of the matrix are
given by:
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(2)

where xk is the mole fraction of element k, Mi is the mobility of element i,
which here is assumed to be the same for all elements, /a-, is the chemical
potential, and n is an arbitrary chosen reference element. To calculate the
derivative of the chemical potential, access to thermodynamical data is
necessary. Here this is solved by using the software Thermo-Calc. To get the
effective diffusivity of the binder, equation 2 is multiplied with the labyrinth
factor:

When using the labyrinth factor / at the sintering temperature of 1450°C this
yields diffusion coefficients in the range D » 1 • 10"8 m2/s, which is quite
reasonable. The flux of any species is then given by the multicomponent
extension of Fick's first law:

dc,
n" J

hieff QZ (4)

where Jk is the flux of species k in the direction of the z-axis and dc^ldz is
the concentration gradient of species j . It should be emphasised that eq. 4
yields the flux in the binder. In order to obtain the flux referring to a cross
section of the material the flux given by eq. 4 must be multiplied with the
volume fraction of the binder.

4. Results and discussion

Figure 1 shows experimental Co concentration profiles. The results were
obtained using EPMA. Note that these are not profiles for the binder phase
volume fraction, but only for the Co content. The binder phase also contains
some W. The W content is determined by the C activity, which during
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sintering is almost uniform throughout the substrate. This results in a close to
constant W content in the binder of approximately 3 at.% after cooling. Of the
other elements in the cemented carbide virtually nothing will be left in the
binder phase after cooling. This means that there will be a slightly larger
volume of binder phase than that corresponding to the Co content, but this
increment of volume due to W content is spatially independent.

Alloy

50 100 150

Distance

200 250 300

Figure 1. Co concentration profiles obtained with EPMA.

In figure 2 the same data as in figure 1 has been used, but the length scale
has for each curve been normalised with respect to the corresponding zone
thickness, and the Co bulk content has been set to zero, i.e. the bulk content
of Co has been subtracted from the total Co content. As can be seen, all four
curves match each other. It seems as if the Co content drops more steeply at
the zone border for the materials with a high total Co content, but this is only
an effect of the more compacted length scale due to thicker zones.
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The amount of binder phase in the material does not affect the absolute
variations around the bulk value. The only effect of a high Co content is that
the larger binder volume allows for higher diffusion fluxes, and thus faster
gradient growth. For all four alloys, the drop in Co content from the Co
enriched region outside the zone border, to the slightly Co depleted region
inside the zone border, is the same and approximately 15 at.%. This of
course also means that the relative variations in phase distribution around the
zone border will be larger with a small total binder phase content.
Calculations give the result that this is what to expect. If the gradient
formation is considered only as a replacement of carbonitride phase with
binder phase, and one also allows for some of the W from the carbonitride
phase to form WC to maintain local equilibrium, the difference in Co content
when crossing the zone border should be approximately 17 at.%.

Alloy

3 4 5

Relative distance

Figure 2. Experimental Co concentration profiles with bulk value set to zero
and length scale normalised with respect to the corresponding zone
thickness.
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Figure 3 shows a simulation of the Co concentration profile for the material
with 10 vol.% binder phase (alloy 3). The simulated profile shows the same
type of appearance as the experimental profile. The largest Co content is
found just outside the zone border, and inside the border there is a depletion.
The difference in Co content between the enriched and the depleted region is
13 at.%, which is approximately the same as found experimentally.

03
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20-

15 -

10 -
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-
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0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Relative distance

Figure 3. Simulation of Co concentration profile for alloy 3.

Figure 4 shows simulation results and experimental values of the gradient
zone thickness vs. the cobalt content in the alloys. Due to natural variations in
the cemented carbide it is not possible to exactly measure the gradient zone
thickness. It is reasonable to believe that there might be an error of ± 3 urn
present in the thickness measurements. There is also a variation in zone
thickness due to two-dimensional diffusion near corners. Since the
simulations are based on one-dimensional diffusion, thickness measurements
were performed as far away from corners as possible. The dashed line in the
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figure shows the behaviour using the labyrinth factor f1, and the solid line
using / . For the calculation of the highest cobalt content alloy the grid has
been changed to be denser at larger distance. The results from the
simulations are compared with experimental data. The agreement between
simulations and experiments are satisfactory using the labyrinth factor/,
confirming the hypothesis that the gradient thickness varies approximately
linearly with the volume fraction cobalt in the cemented carbide.

This indicates that the increase in diffusion distance, due to the curved
diffusion paths around dispersed particles, is not as severe as previously
thought.

120

iooH

3 80

I 60

40

20-

0

gradient sintering 2h, 1723 K
+ simulation A.=f2

x simulation A=f
A experimental values /

0 2 4 6 8 10 12 14 16 18 20
cobalt (mass%)

Figure 4. Gradient zone thickness vs. the cobalt content in the alloys. The
dashed line shows the behaviour using f2, and the solid line using / .
Triangles are experimental values.
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Extrapolation of experimental data will give a negative Co content for zero
gradient. Still it is reasonable to expect this type of behaviour. As the Co
content decreases the diffusion paths become longer, and for some critical
value there will no longer be a continuous binder phase, and it will no longer
be possible for a gradient to be formed. As the Co content decreases towards
this value there will be a drastic drop in the zone thickness vs. cobalt content
graph, and thus extrapolation of the values beyond this point is of no physical
interest.

To compare with earlier research in this area figure 5 shows experimental
data from Schwarzkopf [1]. In the figure a growth rate constant, K, is plotted
vs. the Co content. The constant is defined by

x2=K-t (5)

where x is the gradient zone thickness and t is the sintering time.
Schwarzkopf assumed a linear dependence between K and the Co content,
i.e. he assumed that the gradient thickness varied with the square root of the
Co content.

If the data is extrapolated using this assumption, the x-axis is intersected at
about 6 vol.% Co, which means that for alloys with a Co content lower than 6
vol.% there will be no gradient formation. This is a rather high value, and it is
not reasonable since the present study shows that a total binder content of 5
vol.% is quite sufficient to create a gradient in the material. Also, figure 4
shows that there should be a linear dependence between zone thickness and
Co content. When analysing Schwarzkopf's data further it is found that also
here a linear dependence between zone thickness and Co content is the
most correct assumption. In figure 6, data from the sintering performed at
1490°C is instead plotted in the same way as the data from the present study,
with zone thickness vs. Co content. When plotted this way, the data shows a
linear behaviour and extrapolates, as expected, to a slightly negative Co
content for zero gradient formation.
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Figure 5. Experimental data by Schwarzkopf, after [1].
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Figure 6. Experimental data by Schwarzkopf replotted. The data are for the
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5. Summary and conclusions

• The binder phase fraction of the alloys only affects the thickness of the
surface gradient zone. Since all diffusion occurs in the liquid binder phase,
the binder content determines the rate of gradient formation. A higher
binder content allows for faster gradient formation because of higher
diffusion fluxes in the material.

• The absolute variations in Co content, and the overall gradient structure is
independent on the amount of binder phase.

• Due to presence of a dispersed phase (carbides and carbonitrides), the
diffusion paths are partly blocked by the dispersed particles, which grow or
dissolve as a result of diffusion in the binder. This effect can formally be
handled by considering effective diffusivities. The diffusivity of the binder is
multiplied with a so-called labyrinth factor, X, which is dependent on the
volume fraction, / , of binder phase.

• The labyrinth factor A(f) = f gives a better agreement between
experiments and simulations than the factor f2 previously used. It can
therefore be concluded that the gradient zone thickness and binder
content show a linear relationship.

• Earlier assumption that the gradient zone thickness is proportional to the
square root of Co content has been shown to be wrong. A consequence of
the earlier assumption would be that no gradient should be formed in
materials with less than 6 vol.% Co. For the present study, however,
gradient materials with a total binder content of 5 vol.% were
manufactured. If the gradient zone thickness is instead assumed to be
directly proportional to the Co content, extrapolation of data leads to zero
gradient growth for approximately zero Co content, as expected.
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