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CARBIDE USING FLAKE-LIKE POROUS Co3O4 OXIDE 
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Abstract 
This work presents the results of the fabrication of ultrafine grained WC-
12Co cemented carbides using flake-like porous Co3O4. Cobalt oxide, 
having a flaky porous structure with particle size of 1-2 µm and flake 
thickness of about 100nm, was fabricated by the chemical method. 
Mixtures of WC-Co3O4, being calculated to WC-12Co, were generated by 
ball milling for 72 hours in an n-hexan medium. The mixtures were then 
hydrothermal-reduced to obtain WC-12Co powders. Sintering was done 
using hot isostatic pressing at 1400oC and 7500 psi. The results show that 
ultrafine grained WC-12Co cemented carbide was successfully fabricated 
from ultrafine WC powder and flake-like porous Co3O4 oxide. The nearly 
full density and uniform distribution of cobalt were obtained. The 
addition of 0.3-0.5 wt. % graphite powder could eliminate the formation 
of eta-phase, which resulted in the increase of fracture toughness of 
sintered cemented carbides. 
Key words: Ultrafine grained WC-Co cemented carbide, flake-like 
porous Co3O4 oxide, ball milling, hydrothermal reduction. 

INTRODUCTION 
WC-Co cemented carbides are generally produced via the powder metallurgy 

route. Conventionally, WC and Co powders are mixed by ball milling and sintered at a 
suitable temperature ranging from 1300-1500oC. The mechanical properties of sintered 
products depend on the sintered density, the distribution of Co metal in WC matrix and the 
phase component after sintering. Therefore, the preparation of WC-Co powders is an 
important step in obtaining high quality carbides [1-4]. Ball milling is a useful technique to 
generate a uniform distribution of micron sized WC-Co powders. However, when the sizes 
of WC and Co reduce to the ultrafine or nanometer scale, it is difficult to obtain a 
homogeneous distribution of WC and Co by ball milling due to their agglomeration 
tendency [5,6]. Several techniques of coating ultrafine WC powder with Co metal have 
been investigated, which include physical, chemical and electrochemical methods [6-10]. 
From among these, chemical methods have recently been the most often used. 

 Advanced sintering methods such as plasma sintering and hot isostatic pressing 
(HIP) are also used in order to obtain the full density of sintered samples and to improve the 
mechanical properties of WC-Co cemented carbides [2,11-13]. Besides that, the inhibition 
of eta-phase (η-phase: M6C and M12) is also important. This phase is formed during 
sintering due to the carbon loss and causes the reduction of toughness [14,15]. 

The aim of this work is to develop a simple way to obtain the homogeneous 
distribution of cobalt metal particles on the surfaces of ultrafine WC by using flake-like 
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porous Co3O4 oxide, the ball milling technique and the hydrothermal reduction process. 
The microstructure and the mechanical properties of the HIPed ultrafine grained WC-12Co 
cemented carbides were investigated, and the effect of graphite addition to avoid eta-phase 
formation is also discussed. 
EXPERIMENT 

Flake-like porous Co3O4 powders, having an average particle size of 1-2 
micrometers, were produced by our own developed method based on the rusting of Co 
powders in NH4Cl solution. WC powders, doped 0.5 wt. % Cr, have a particle size of less 
than 0.5 µm. Mixtures of WC and Co3O4 powders, calculated to WC-12Co, were ball-
milled in an n-hexan medium for 72h with ball-to-powder ratio of 6:1. The balls and jar 
were made from WC-Co hardmetals. Graphite powders were also added to the composition 
before milling in order to inhibit the formation of eta-phase. 

The as-received powders (WC-Co3O4) were dried at 50oC and sieved to obtain 
particles of less than 50µm. The powders were then reduced in hydrogen gas to obtain WC-
Co powders. Hydrothermal reduction was done in a tube furnace with hydrogen gas flow at 
500oC. 10g of Co3O4 powders were also put at the same time in the furnace as reference. 
Then reduced WC-Co powders were mixed with 2wt. % paraffin wax and dried in vacuum. 
The dried powders were pressed in a cylindrical mold of 13 mm diameter to obtain pellets 
with thickness of 10 mm and subsequently pre-sintered at 850oC in Argon. The sintering 
was carried out on a hot isostatic pressing equipment (HP630, AIP, USA). The schematic of 
the HIP process is shown in Fig. 1. Samples were heated up to 1400oC and kept at this 
temperature for 1 hour in vacuum. The samples remained at 1400oC and Ar gas was 
pumped up to the pressure of 7500 psi. After being left at the mentioned temperature and 
pressure for 30 min, the samples were cooled down to ambient atmosphere.  
 

 
Fig.1. Schematic of the HIP process. 

The HIPed samples were then grinded and polished for phase investigation, 
microstructure observation, density measurement and hardness test. The phase component 
was investigated by the X-ray diffraction technique (D5000, Siemens, Germany). The 
morphology of powders and the microstructure of the sintered samples were observed by 
field emission electron scanning microscope (Hitachi S-4800, Japan). The bulk density of 
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samples was measured by Archimesde principle (AND GR-202, Japan). The mechanical 
properties were investigated in terms of Vickers hardness (HV30) by the Vickers hardness 
tester AKV-CO (Mitutoyo, Japan) and the fracture toughness (KIC) was calculated based on 
the Palmqvist crack method [16]. 

RESULTS AND DISCUSSION 

Powder characterization 
The XRD pattern of raw WC powder is shown in Fig.2a. The WC is hexagonal, α-

WC, with space group P6m2. The trace of Cr3C2 in XRD pattern presents the doped Cr in 
the composition of the raw WC. This small amount of Cr2C3 is considered to work as a 
WC’s grain growth inhibitor during sintering [17]. The morphology of WC powder is 
shown in the FESEM image, Fig.2b. The particle size of WC powder is less than 0.5μm and 
has a trend to agglomerate into clusters. 

 

  
(a) (b) 

Fig.2. a) XRD pattern of raw WC and b) FESEM image of raw WC. 

The XRD pattern of Co3O4 powders is shown in Fig.3a and the morphology of 
Co3O4 powders is seen in Fig.3b. Co3O4 powders exhibit an average particle size of 1-2 
micrometers and a flaky porous structure with flake thickness of about 100nm. 

 

 
(a) (b) 

Fig.3. a-XRD pattern of Co3O4 and b-FESEM image of Co3O4. 
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Figure 4a presents the FESEM image of WC-Co3O4 powders after 72h of milling. 
The larger particles were assumed to be WC and the finer particles Co3O4 oxide. This 
assumption is based on the fact that those flake-like porous Co3O4 are more brittle than WC 
and therefore, Co3O4 particles were easily broken and covered on WC surfaces. The mixed 
powders were then reduced in hydrogen gas to obtain WC-Co powders. The reduction of 
Co3O4 to Co metal includes two steps as described by equations (1) and (2) [18]. 

Co3O4 + H2 = 3CoO + H2O       (1) 
CoO + H2 = Co + H2O        (2) 
Figure 4b shows the XRD patterns of the raw WC, the raw Co3O4, the reduced Co 

and the reduced WC-Co powders. The results have shown clearly that Co3O4 oxide was 
completely reduced to Cobalt metal. 

 

  
(a) (b) 

Fig.4. a) FESEM image of WC-Co3O4 powder and b) XRD patterns of powders after 
hydrothermal reduction. 

Microstructure and density of the HIPed samples 
The XRD pattern of WC-12Co is shown in Fig. 5. The dominated phase is WC, 

however, peaks of Co were not observed or in very low intensity due to the formation of 
eta-phase (Co3W3C) which resulted from the loss of carbon during sintering. Another 
intermetallic phase, Co3W, was also detected. These phases are not expected in the 
microstructure of WC-Co. In order to eliminate the formation of these phases, small 
amounts of graphite (Gr); 0.3, 0.4 and 0.5 wt. % were added in the mixture of powders 
before milling to recover the lost carbon. The XRD patterns, Fig. 5, present the ability of 
the added Gr to eliminate eta-phase formation. The peaks of Co3W3C and intermetallic 
phase Co3W were not observed when 0.3-0.5 wt. % of Gr were added in the mixture. The 
peaks of Co metals also became clear. 
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Fig.5. XRD patterns of the HIPed samples; a- WC-12Co, b-WC-12Co + 0.3 Gr, c-

WC-12Co+0.4Gr, d-WC-12Co+0.5Gr. 

 
Fig.6. FESEM images of the HIPed samples: a- WC-12Co, b- WC-12Co+0.3Gr, c- WC-

12Co+0.4Gr, d- WC-12Co+0.5Gr. 

Figure 6 shows the FESEM images of the HIPed samples with and without 
graphite addition. The results show that a uniform distribution of Co and WC particles was 
achieved in the HIPed samples. During ball milling, the Co3O4 particles were reduced to 
very fine particles distributed on the WC surfaces, which consequently resulted in the 
formation of the ultrafine Co particles on the WC surfaces after hydrothermal reduction. As 
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seen in Fig. 6d, the grain size of the HIPed samples is estimated to be about 0.5-1.0µm. The 
homogeneous distribution as mentioned above and the external force generated by HIP 
might have caused the fast formation of the liquid cobalt layer around the WC particles. 
That prevented the WC’s grain growth during sintering. The relative densities of the HIPed 
samples are shown in Table 1.  

Tab.1. Relative densities of the HIPed samples 

Sample code WC-12Co WC-12Co+ 0.3 Gr WC-12Co+ 0.4 Gr WC-12Co+ 0.5 Gr 
Relative density [%] 99.48 99.56 99.73 99.61 

 

 Mechanical properties of the HIPed samples  
The Vickers hardness and the fracture toughness of the HIPed samples are shown 

in Fig.7. The Vickers hardness of the sample without the addition of Gr obtained a high 
value of about 1660 kg/mm2 due to the ultrafine grained size of the carbides and the nearly 
full density achieved by HIP. However, the fracture toughness of this sample obtained a 
low value of about 11.8 MPa.m1/2. This was attributed to the formations of eta-phase, 
Co3W3C, and of intermetallic phase, Co3W. As the formations of eta-phase and 
intermetallic phase were eliminated by the addition of Gr, the fracture toughness increased 
to the value of about 13.1 MPa.m1/2 and consequently, the Vickers hardness of the samples 
decreased to a lower value of about 1570 kg/mm2. These values are in agreement with the 
values obtained by other works on the ultrafine grained sized WC-Co carbides with the 
same cobalt composition [2,12]. 

 

 
Fig.7. Vickers hardness and fracture toughness of the HIPed samples. 

CONCLUSIONS 
The results of this research show the high potential of using flake-like porous 

Co3O4 to fabricate ultrafine grained WC-Co cemented carbides. Mixtures of the WC-Co3O4 
powders were successfully reduced to WC-Co by hydrothermal reduction. The sintered 
samples achieved a uniform distribution of Co and WC grains and a high level of hardness. 
Nearly full density of the sintered samples was obtained by using HIP. The formations of 
Co3W3C and Co3W phases were observed after the sintering of the sample without added 
Gr. These phases can be eliminated completely by the addition of 0.3-0.5 wt. % graphite. 
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As the formations of Co3W3C and Co3W were reduced, the fracture toughness of sintered 
samples was improved. 
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