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Abstract

Microstructure and mechanical properties of WC�/10Co cemented carbides fabricated by spark plasma sintering (SPS) process

were investigated. Nanocrystalline precursor powders were prepared by spray drying process from solution containing ammonia

meta-tungstate and cobalt nitrate, and followed by reduction and carbonization into nanocrystalline WC/Co composite powders by

a mechano-chemical process. The WC particles of about 100 nm in diameter were mixed homogeneously with Co binder. The

nanocrystalline WC�/10Co powders were consolidated by SPS process at temperature ranged 900�/1100 8C and under a pressure of

50 or 100 MPa, respectively. Optimum consolidation conditions, such as temperature and pressure, were determined by analysing

the dimensional changes of powder compact during SPS process. Hardness and fracture toughness of consolidated WC�/10Co

cemented carbide were measured by using a Vicker’s indentation test. The solute content within the Co binder phase of WC�/10Co

cemented carbide was evaluated by measuring the saturated magnetic moment. It is found that the hardness of cemented carbide

was dependent on the density and grain size of WC. The fracture toughness of cemented carbides increased with increasing the

saturated magnetic moment, while decreased rapidly when the liquid Co phase was formed during sintering.
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1. Introduction

During the last several decades, the cemented carbides

consisting of WC grains bound with Co phase have been

used for cutting tools, rock drill tip and other wear

resistant part. The effect of Co composition and the

addition of various types of cubic carbides have been

investigated to improve the mechanical properties of

WC�/Co cemented carbides [1]. In recent days, nano-

crystalline WC�/Co cemented carbides have been fabri-

cated by thermo-chemical and thermo-mechanical

process, known as spray conversion process (SCP) [2].

The advantage of SCP is that the WC particle sizes can

be reduced below 100 nm. However, the WC grain size

in sintered WC�/Co cemented carbides becomes much

larger than that in pre-sintered powders due to a fast

diffusion through liquid phase during conventional

liquid phase sintering process. Therefore, even though

the initial WC size is less than 100 nm, the grain size

increases rapidly up to 500 nm or larger during the

conventional liquid phase sintering. Even though the

grain growth inhibitors were added in WC�/Co, the WC

grains size increases up to 300 nm during the liquid

phase sintering process [2,3].

The spark plasma sintering (SPS) that enables a

powder compact to be sintered by Joule heat and spark

plasma generated by high pulsed electric current

through the compact has been introduced recently for

the sintering of composites, functionally graded materi-

als and nanocrystalline materials. During SPS process,

the powder compact could be sintered at a lower

temperature than that for conventional sintering be-

cause the surface oxides of powders are easily removed

by the generated spark plasma [4].
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In this study, the SPS process to manufacture WC�/

10Co cemented carbides using nanocrystalline WC�/

10Co composite powders was investigated. In order to

control the grain growth during the SPS process, both

the solid state sintering and liquid phase sintering were

attempted and the results were compared. The SPS

behaviour of nanocrystalline WC�/10Co composite

powders was compared with that of conventional mixed

powders. The hardness and fracture toughness of spark

plasma sintered WC�/10Co cemented carbides were

characterized.

2. Experimental procedure

2.1. Powder preparation

The nanocrystalline WC�/10Co composite powders

were prepared by SCP from metallic salt containing

ammonia meta-tungstate and cobalt nitrate (Co(NO3)2),

and followed by oxidation, reduction and carbonization

processes [2]. As shown in Fig. 1, the WC particles of

spherical shape were homogeneously dispersed within

Co phase in the nanocrystalline WC�/10Co composite

powders fabricated by SCP. The WC particle sizes were

ranged 50�/150 nm and the average particle size was

measured about 100 nm. The nanocrystalline WC�/10Co

composite powders were wet ball-milled in ethanol for

24 h. The ball-milled powders were dried in an oven for

24 h at 80 8C. The mixture of conventional WC

powders of 1.33 mm and Co powders were wet ball-

milled in ethanol for 24 h.

2.2. Consolidation process

The prepared nanocrystalline WC�/10Co composite

powders and the mixed powders of conventional WC

and Co were consolidated by SPS system produced by

Sumitomo Coal Mining Co. Ltd. The schematic of SPS

system was shown in Fig. 2. In SPS process, the powders

in the graphite mould were heated by applied pulsed

electric current of 1000 A. The pressure was applied with

the current. The powders were sintered by heat,

generated by Joule heating and impedance within the

powders generated by pulsed current, and pressure.

Specimens with diameter of 15 mm and thickness of 7

mm were densified by the SPS for 10 min at temperature

ranged from 900 to 1100 8C under a pressure of 50 or

100 MPa, respectively, in vacuum. The heating rate was

maintained as 100 8C min�1. The compact was held at

600 8C for 5 min to remove the organic impurities such

as dust and ethanol.

During the consolidation process, the dimensional

changes of powders were monitored by measuring the

position of lower ram in Fig. 2, which plays a role of

electrode to produce high pulsed current within the

powder compact and, at the same time, press to apply.

The consolidation mechanism, i.e. liquid phase sintering

or solid state sintering, is determined by the dimensional

changes according to processing temperature as shown

in Fig. 3. When the liquid phase was formed during the

SPS, the volume of sintered body slightly increased due

to the larger volume of liquid Co compared to that of

solid as shown in Fig. 3(b). If liquid phase is not formed

during the sintering process, the dimension of powder

compact decreases continuously by densification. The

formation of liquid phase was observed at lower

temperature of 1050 8C for nanocrystalline composite

powders, while observed at 1100 8C for conventional

mixed powders.

Fig. 1. TEM micrographs of nanocrystalline WC�/10Co composite

powders fabricated by SCP. The darker phase represents WC phase

with average diameter of 100 nm and the brighter phase represent Co

phase.

Fig. 2. Schematics of SPS system used for consolidation of WC�/10Co

cemented carbides.
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2.3. Characterization of sintered WC�/Co

The microstructure of sintered WC�/Co cemented

carbides was observed by the scanning electron micro-

scope (SEM) and the optical microscope. Solute con-

centration within the Co binder phase was analyzed by
measuring the saturated magnetic moment of WC�/

10Co cemented carbides. In general, the saturated

magnetic moment of WC�/Co cemented carbides was

dependent on content of W within the Co binder phase

as follows [5],

4pMs�4p(S0�PCW) (1)

where S0 is saturated magnetic moment of pure Co, P is

constant ranged 0.8�/1.06 and CW is atomic content of

W in Co binder phase.

Hardness was measured by Vicker’s hardness tester
under a constant load of 9.8 N. The fracture toughness

of WC�/Co cemented carbides was determined by

measuring the crack length near the indent made by

Vicker’s indentation load of 98 N (10 kgf) and calcu-

lated by using the following equation [7],

KIC�0:016

ffiffiffiffiffi
E

H

s �
P

L

�1:5

(2)

where KIC is fracture toughness of cemented carbides, E

is Young’s modulus of cemented carbides, H is hardness

of cemented carbides, P is indentation load and L is

crack length near the indent. The Young’s modulus of

cemented carbides, E , is generally known as about 611

GPa according to the rule of mixture calculation

between Young’s modulus of WC and pure Co [8,9].
Young’s modulus of Co binder phase could be varied

with W and C content alloyed during liquid phase

sintering process and it could affect the Young’s

modulus of cemented carbides. However, in this study,

the composition of cemented carbides is WC�/10 wt.%

Co and it contains about 84 vol.% of WC and 16 vol.%

Co binder phase. Furthermore, the Young’s modulus of

WC is about 696 GPa and this value is much larger than
that of Co whose Young’s modulus is about 174 GPa

[10,11]. Even though the W and C content varied from

0% to saturated values, the Young’s modulus of WC�/

10Co cemented carbides varied from 611 to 620 GPa

according to the rule of mixture calculation. Therefore,

the effect of difference in Young’s modulus owing to the

W and C content within Co binder phase on fracture

toughness is much small and can be neglected. In this
study, the Young’s modulus of cemented carbides is

considered as 611 GPa which is generally accepted as

Young’s modulus of cemented carbides [8,9].

The cracks induced by Vicker’s indentation were

shown in Fig. 4. The cracks were sharp and straight

Fig. 3. The variation of temperature and displacement during SPS of

nanocrystalline WC�/10Co cemented carbide powders; (a) solid state

sintering at set temperature of 950 8C, (b) liquid phase sintering at set

temperature of 1100 8C. The positive sign of displacement indicates

the shrinkage of specimen during the SPS.

Fig. 4. Optical micrographs of cracks induced by Vicker’s indentation

on cemented carbides spark plasma sintered from nanocrystalline

WC�/10Co at 1050 8C under 50 MPa.
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enough to measure the fracture toughness by measuring

the length of crack induced by Vicker’s indentations.

3. Results and discussion

3.1. Densification behaviour and microstructure

The densification behaviour and the grain size of

WC�/10Co cemented carbide sintered at various tem-

peratures were shown in Fig. 5(a) and (b), respectively.
The density of the WC�/10Co cemented carbide in-

creased with increasing the sintering temperature. The

WC�/10Co cemented carbide sintered from nanocrystal-

line composite powders showed full densification at

lower temperature compared to the conventional mixed

powders. When the sintering was performed under

higher pressure, higher density was obtained at lower

sintering temperature. The grain size increased slightly
with increasing the sintering temperature during solid

state sintering, while increased rapidly with increasing

the sintering temperature when the liquid Co phase was

formed as shown in Fig. 5(b). When the nanocrystalline

WC�/10Co composite powders solid state sintered at

1000 8C by SPS process, a full densification of WC�/

10Co could be obtained with little grain growth of WC

as shown in Fig. 5(a) and (b), respectively. The average

WC grain size was about 300 nm with full densification
if spark plasma sintered at 1000 8C, while increased

over 600 nm if spark plasma sintered at temperature for

liquid phase sintering. The grain size of WC spark

plasma sintered at 1000 8C is much smaller than that of

conventional liquid phase sintered [3], even though the

initial WC size of the powders were almost the same.

The microstructure of sintered WC�/10Co cemented

carbide was also dependent on the initial powder
conditions. In case of sintering of nanocrystalline

composite powders, the liquid phase was not formed

during SPS process up to 1000 8C and melting of Co

binder phase started from 1050 8C under pressure of

both 50 and 100 MPa. As shown in Fig. 6, a group of

small pores were observed in WC�/10Co cemented

carbide sintered at 900 8C. However, the small pores

disappeared rapidly and spherical shaped large pores
were only observed as increasing the SPS temperature.

The elimination of the pores occurred at the temperature

of 1000 8C, which is below the liquid Co binder phase

formed, hence the WC�/10Co cemented carbide was

fully densified by solid state sintering. It was found from

SEM observations in Fig. 6 that the WC grains were

round shape, like initial WC shape within the nanocrys-

talline WC�/10Co composite powders, when spark
plasma sintered at 900 8C. When the sintering tempera-

ture was 1000 8C, the faceted and round WC grains

were mixed in spite of no Co liquid phase formed. Fully

faceted WC grains were observed in WC�/10Co cemen-

ted carbides liquid phase sintered at 1100 8C.

However, in the SPS of conventional mixed powders,

the Co necks were formed between WC particles

partially at sintering temperature of 900 8C. The region,
where Co necks were formed, was densified by solid

state sintering, but the region, where Co necks were not

formed, remained unfilled with increasing the sintering

temperature. The remaining unfilled regions filled by

liquid Co binder phase when the temperature increased

above the melting point of Co phase as shown in Fig. 7.

3.2. Mechanical properties

The Vicker’s hardness of WC�/10Co cemented carbide

measured under a load of 9.8 N increased with increas-

ing the sintering temperature up to 1000 8C until full

densification is obtained as shown in Fig. 8(a). Once a

full density was obtained, the hardness decreases with

increasing the sintering temperature above 1000 8C due

to a grain growth during the sintering.

The fracture toughness, calculated from the crack
length induced by the Vicker’s indentation test under a

load of 98 N, increased with increasing the density of

sintered WC�/10Co cemented carbide. The fracture

Fig. 5. The variation of (a) relative density and (b) WC grain size in

sintered WC�/10Co with varying the SPS temperature of nanocrystal-

line and conventional WC�/10Co powders.
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toughness of WC�/10Co cemented carbide sintered from

the nanocrystalline composite powders were higher than

that sintered from the conventional mixed powders. The

fracture toughness of WC�/10Co cemented carbide

sintered from the nanocrystalline composite powders

increased with increasing the sintering pressure as shown

in Fig. 8(b). However, the fracture toughness of WC�/

10Co cemented carbide sintered from nanocrystalline

composite powders decreased when the liquid Co phase

was formed, while those of WC�/10Co cemented carbide

sintered from the conventional mixed powders did not

affected by the formation of liquid phase.
It is noted that the fracture toughness of WC�/10Co

cemented carbide was sensitively dependent on the

saturated magnetic moment of cemented carbides, i.e.

W content within the Co binder phase. As shown in the

Fig. 9, the saturated magnetic moment of WC�/10Co

cemented carbide sintered from nanocrystalline compo-

site powders was higher than that of WC�/10Co

cemented carbide sintered from conventional mixed

Fig. 6. Optical and scanning electron micrographs of WC�/10Co cemented carbides sintered from nanocrystalline WC�/10Co powders by SPS under

pressure of 50 MPa. Optical micrographs of WC�/10Co cemented carbides sintered at (a) 900 8C, (b) 950 8C, (c) 1100 8C, and scanning electron

micrographs of WC�/10Co cemented carbides sintered at (d) 900 8C, (b) 1000 8C, (c) 1100 8C.
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powders before liquid Co phase was formed. When the

liquid Co phase was formed during sintering, the

saturated magnetic moment of WC�/10Co cemented

carbide sintered from the nanocrystalline composite

powders decreased rapidly, while that of WC�/10Co

cemented carbide sintered from the conventional mixed

powders did not change. From the Fig. 8(b) and Fig. 9,

the variation of fracture toughness with varying the

sintering temperature was quite similar to the variation

of saturated magnetic moment. The dependence of

fracture toughness on the saturated magnetic moment

was also observed in conventional liquid phase sintered

WC�/Co cemented carbide [3,12]. However, in case of

WC�/Co cemented carbide sintered by the conventional

liquid phase sintering, the saturated magnetic moment

of the conventional cemented carbide was much higher

than that of nanocrystalline cemented carbide, and

hence the fracture toughness of the conventional WC�/

10Co cemented carbide was higher than that of the

nanocrystalline WC�/10Co [13�/18].

The saturated magnetic moment of cemented carbide

was dependent on the solute content within the Co

Fig. 7. Optical and scanning electron micrographs of WC�/10Co cemented carbides sintered from conventional WC�/10Co powders by SPS under

pressure of 50 MPa. Optical micrographs of WC�/10Co cemented carbides sintered at (a) 900 8C, (b) 1000 8C, (c) 1100 8C, and scanning electron

micrographs of WC�/10Co cemented carbides sintered at (d) 900 8C, (b) 1000 8C, (c) 1100 8C.
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binder phase [5]. The dependence of the saturated

magnetic moment on the fracture toughness was related

to the content of solute atoms such as W and C within

the Co binder phase of WC�/10Co cemented carbide.

The solute atoms of W and C within the Co binder

phase influence the mechanical properties of Co binder

phase. The Co binder phase in the cemented carbide

prevents the crack propagation by shielding a stress field

in front of crack tip or by bridging the crack forming

ligaments behind the crack tip [13�/18]. The crack

induced by Vicker’s indentation propagates along the

Co binder phase as shown in Fig. 10. Therefore, the

deformation behaviour of Co binder phase in cemented

carbides is the most critical factor determining the

fracture toughness of cemented carbides. In solid state

sintering temperature, the saturated magnetic moment

of WC�/10Co cemented carbides sintered from nano-

crystalline composite powder is higher than that of

WC�/10Co cemented carbides sintered from the conven-

Fig. 8. The variation of (a) hardness and (b) fracture toughness of

sintered WC�/10Co cemented carbides with varying the SPS tempera-

tures of nanocrystalline and conventional WC�/10Co powders.

Fig. 9. The variation of saturated magnetic moment per unit volume

of Co binder phase of sintered WC�/10Co cemented carbides with

varying the SPS temperature of nanocrystalline and conventional

WC�/10Co powders.

Fig. 10. Microstructures of near the crack tip induced by Vicker’s

indentation on cemented carbides spark plasma sintered from (a)

nanocrystalline WC�/10Co powders and (b) conventional WC�/10Co

powders at 1100 8C under 50 MPa.
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tional mixed powders. However the saturated magnetic

moment of WC�/10Co cemented carbides sintered from

the nanocrystalline composite powders decreased more

rapidly than that of the conventional one when the
liquid phase was formed during sintering. Therefore, if

the nanocrystalline WC�/10Co powders were liquid

phase sintered at high temperature above 1350 8C, the

saturated magnetic moment could reduce below that of

WC�/10Co cemented carbide sintered from conventional

mixed powders. It is expected that the higher solubility

of W in Co binder phase of the nanocrystalline WC�/

10Co cemented carbide, when the liquid Co binder
phase was formed can be explained by the Gibbs�/

Thompson effect, in which the solute concentration

within the liquid phase increases with decreasing radius

of solid during the liquid phase sintering [6].

4. Conclusions

The nanocrystalline WC�/10Co composite powders

were fully densified by SPS process at the temperature

above 1000 8C, which is much lower temperature than

that of conventional liquid phase sintering, under a

pressure of 50 and 100 MPa. The WC�/10Co cemented

carbides with WC grain size of 300 nm could be

obtained by SPS of nanocrystalline WC�/10Co compo-

site powders by solid state sintering process at tempera-
ture ranged 950�/1000 8C without addition of grain

growth inhibitors. While, the conventional mixed WC�/

10Co powders were spark plasma sintered with full

densification only by liquid phase sintering at higher

temperature above 1050 8C. The hardness of the

sintered WC�/10Co cemented carbides was dependent

on the grain size of WC. The fracture toughness of solid

state sintered WC�/10Co cemented carbide was higher

than that of liquid phase sintered WC�/10Co cemented

carbide. The fracture toughness of WC�/10Co cemented

carbide was significantly influenced by the solute con-

tent of W and C in the Co binder phase. This is caused

by the modification in deformation behaviour of Co

binder phase owing to W and C solute and by the crack

path along the Co binder phase.
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