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 Hot pressing densification of WC−MoxC binderless carbide 
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Abstract: WC−6MoxC−0.47Cr3C2−0.28VC binderless carbide was prepared by hot pressing (1700 °C, 20 MPa). The sample was 
observed and analyzed by scanning electron microscopy, energy dispersive X–ray spectroscopy and X–ray diffraction. The results 
show that during the hot pressing process, W atoms dissolve substantially into the MoxC crystal lattices; whilst, the reverse 
dissolution of Mo atoms into the WC crystal lattices takes place. Consequently, the main phase and binder phase structure are formed. 
The phase compositions of the main phase and binder phase are a WC-based solid solution containing Mo and a Mo2C-based solid 
solution containing W, respectively. The isotropic dissolution and precipitation of W and Mo atoms do not result in substantial 
carbide coarsening. The mechanism for the densification was discussed. 
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1 Introduction 
 

Due to the unique combination of strength, 
toughness and hardness, cemented carbides are 
universally applied to cutting, mining and forming tools, 
as well as to high-performance wear resistant parts. In 
general, cemented carbides consist of a hard phase 
(primarily WC) and a binder phase (ferrous metal). 
These binder phases, however, are inferior to the carbide 
phases in hardness. Particularly, the corrosion and 
oxidation of cemented carbides start in the binder phase 
first. Binderless carbides have been developed as a 
complement to the conventional cemented carbides for 
use in corrosive environments where the metal binder 
degrades. Binderless carbides can be divided into two 
groups. The one consists of pure carbide, e.g., WC [1], 
TiC [2], TaC [3] and NbC [4]; the other consists of WC 
phase and a mixed transition metal carbide/carbonitride 
binder phase, e.g., WC−TiC [5], WC−TiC−TaC [6], 
WC−VC [7], WC−(Ti, W)(C, N) [8] and WC−Mo2C 
[6,9]. Among the binderless carbides, WC−MoxC 
binderless carbides have good combination property and 
higher performance-price ratio [6,10]. The researches  

available on the WC−MoxC binderless carbides were 
mainly focused on their properties. Evidently, the 
investigation of the hot pressing densification and the 
related grain growth behavior of WC−MoxC    
binderless carbides can provide an insight into the 
optimization of the preparation technique and the 
understanding of their property characteristics. Moreover, 
it can also provide an insight into the fundamental 
aspects of the densification mechanism of solid phase 
sintering and the grain growth mechanism of cemented 
carbides. 
 
2 Experimental 
 

Ultrafine tungsten carbide powder pre-doped with 
0.5%Cr3C2−0.3%VC (in mass fraction) and fine 
molybdenum carbide (MoxC) powder were used as the 
raw materials. Molybdenum carbide was pretreated for 
36 h by ball milling in hexane to obtain a particle size 
that matches the one of tungsten carbide powder. Table 1 
summarizes the characteristics of the powders used in 
this study. 

Powders corresponding to the composition of 
WC−6%MoxC−0.47%Cr3C2 −0.28%VC (in mass fraction) 
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Table 1 Characteristics of raw materials 

Powder SBET/ 
(m2·g–1) 

dBET/ 
μm 

FSSS/ 
μm 

Total 
carbon/% 

Free 
carbon 

/% 

Phase 
composition

Doped 
WC 3.00 0.127 – 6.15 0.07 100%WC

MoxC – – 1.92 6.02 0.17 97.7%Mo2C+
2.3%MoC

SBET: BET specific surface area; dBET: calculated BET grain size; FSSS: 
Fischer sub-sieve size; phase composition was determined by XRD. 
 
and paraffin wax-based macromolecule compounds were 
wet milled in a multicomponent ball-milling organic 
medium for 72 h in a conventional ball mill. The mass 
ratio of milling media (cemented carbide balls) to charge 
was 4:1. Hot pressing of the sample at the temperature of 
1700 °C and a pressure of 20 MPa for 60 min was 
carried out in a high-multi 10000 vacuum hot pressing 
equipment. The final sizes of the hot-pressed sample 
were 37.4 mm in diameter and 15 mm in height. For the 
observation and analysis, a cubic sample with 
dimensions of 10 mm×10 mm×10 mm was cut out with a 
diamond saw from the hot-pressed sample. The relative 
density and Vickers hardness HV10 of the sample are 
98% and 24157 MPa, respectively. 

The phase identification was conducted on a Rigaku 
Dmax/2550 X–ray diffractometer. A MDI Jade 6.0 
analysis software developed by Materials Data Inc. was 
used to analyze the X–ray diffraction patter. The 
microstructure was observed and analyzed on a JEOL 
JSM–6490 LV scanning electron microscope (SEM) and 
the attached EDAX Genesis XM4 Neptune energy 
dispersive X–ray spectroscope (EDS). The observation 
and analysis were carried out directly on the polished 
surface. 
 
3 Results and discussion 
 
3.1 Microstructure analysis 

Figure 1 shows the SEM images of 
WC−6%MoxC−0.47%Cr3C2−0.28%VC (WC−6MoxC− 
0.47Cr3C2−0.28VC) binderless carbide. It is known that 
the high sintering temperature does not result in 
remarkably anisotropic carbide coarsening. The average 
grain size of the binderless carbide is less than 0.8 μm. 
EDS analysis results of the micro zone 1 and the 
positions 2−5 of the cross center shown in Fig. 1(b) are 
given in Fig. 2. The micro-zone 1 and position 3 locate 
on the main phase in bright color. The positions 2, 4 and 
5 locate on the binder phase in dark color. Both Mo and 
W are detected in all the cases shown in Fig. 2. Among 
them, much stronger strength of the diffraction peak of 

 

  
Fig. 1 SEM images of WC−6MoxC−0.47Cr3C2−0.28VC 
binderless carbide 
 
Mo is detected in position 4. The EDS results show a 
mole ratio of W to Mo 1.16:1. Considering the fact that 
the distance from the center of the position 4 to the 
neighboring phase reaches about 1 μm, the effect of the 
neighboring phase on the EDS analysis result is 
relatively little, and thus the result must approach to its 
nominal composition. From the strength of the 
diffraction peak it is known that there are a small amount 
of Mo atoms in the main phase and a large amount of W 
atoms in the binder phase. The EDS analysis results 
show a great consistency with the established knowledge 
that the W atoms and Mo atoms are substitutable in the 
related carbide [6,9,11,12]. It can be deduced that the 
reverse dissolution of Mo atoms into the WC crystal 
lattices must facilitate the dissolution of W atoms into 
the crystal lattices of molybdenum carbide. Combining 
the EDS analysis results and the relative density as high 
as 98%, it can be deduced that the mechanism for the 
densification of WC−6MoxC−0.47Cr3C2−0.28VC through 
solid phase sintering is dominated by the bulk diffusion 
between W and Mo atoms in a nonequilibrium manner. 
Moreover, the high temperature (1700 °C) and high 
pressure (20 MPa) can induce a viscosity/plastic flow of 
the phases, which facilities the densification [13,14]. 

From the microstructure of WC−3.65TiC−2.45TaC− 
0.47Cr3C2−0.28VC binderless carbide prepared under the 
same technique conditions [15], it is known that part of 
the WC grains take the shape of platelet indicated by the  
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arrows shown in Fig. 3. The formation of platelet WC 
grains is considered to be the results of the anisotropic 
dissolution and precipitation of W atoms in the binder 
phase [16,17]. By comparing Fig. 1(a) and Fig. 3, 
substantial difference in the grain shape of the main 
phase can be identified. This fact suggests that the 
dissolution and precipitation of W and Mo atoms during 
the hot pressing process of WC−6MoxC−0.47Cr3C2− 
0.28VC tend to be isotropic. This isotropic dissolution 
and precipitation must be the reason behind the 
inhibition of the carbide coarsening. 
 
3.2 Phase composition analysis 

The XRD patterns of WC−6MoxC−0.47Cr3C2− 

 
Fig. 3 SEM image of WC−3.65TiC−2.45TaC−0.47Cr3C2− 
0.28VC binderless carbide [15] 

Fig. 2 EDS spectra of micro-zone 1 and 
positions 2−5 indicated in Fig. 1(b): (a) Zone 
1; (b) Position 2; (c) Position 3; (d) Position 
4; (e) Position 5 
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0.28VC binderless carbide and the molybdenum carbide 
raw material are shown in Fig. 4. From the PDF cards in 
the XRD diffraction database attached to the MDI Jade 
6.0 analysis software, it is known that for WC (PDF 
cards: 89—2727, 73—0471, 72—0097, 51—0939, 65—
8828, 65—4539), MoC (PDF cards: 65—8765, 65—
6664) and WMoC2 (PDF cards:  65—8770), they share 
the same set of  characteristic peaks. The same is true 
for Mo2C (PDF cards: 71—0242, 77—0720, 65—8766, 
72—1683, 89—2669, 79—0744, 89—3104) and W2C 
(PDF cards: 20—1315, 35—0776, 65—3896, 89—2371, 
79—0743). All the similar phases with overlapping 
diffraction peaks make the phase identification of 
WC−6MoxC−0.47Cr3C2−0.28VC binderless carbide a 
little bit complicated. From the point of the nominal 
composition of the binderless carbide, the EDS analysis 
results of the main phase, as well as the strength 
characteristic of the corresponding diffraction peaks, it 
can be concluded that the main phase is a WC- based 
solid solution containing Mo. Although it was reported 
that W2C phase can exist in binderless carbides 
[15,18,19], according to the XRD pattern of 
molybdenum carbide raw material, the EDS analysis 
results of the binder phase, as well as the strength 
characteristic of the corresponding diffraction peaks, it  
is known that the binder phase is a Mo2C-based solid 
 

  
Fig. 4 XRD patterns of molybdenum carbide raw material (a) 
and WC−6MoxC−0.47Cr3C2−0.28VC binderless carbide (b)  

solution containing W. The XRD quantitative analysis 
result shows that the mass fractions of the main phase 
and the binder phase are 74.4% and 25.6%, respectively. 
Evidently, the high mass fraction of the binder phase is 
the result of the high solid solubility of W caused by the 
high sintering temperature and pressure. We have shown 
that WC−6Mo2C−0.47Cr3C2−0.28VC binderless carbide 
exhibits better corrosion resistance to H2SO4 solution 
(pH=1), Na2SO4 solution (pH=7) and NaOH solution 
(pH=13) than WC−0.5Cr3C2−0.3VC binderless carbide 
prepared under the same condition [10]. From this 
investigation, it can be deduced that the improvement of 
the corrosion resistance must be strongly related with the 
formation of the solid solution of the main phase and the 
binder phase. 
 
4 Conclusions 
 

1) During the high temperature (1700 °C) and high 
pressure (20 MPa) solid phase sintering process of 
WC−6MoxC−0.47Cr3C2−0.28VC binderless carbide, W 
atoms dissolve substantially into the crystal lattices of 
molybdenum carbide. Whilst, the reverse dissolution of 
Mo atoms into the WC crystal lattices takes place. 
Consequently, a structure with WC-based solid solution 
main phase containing Mo and Mo2C-based solid 
solution binder phase containing W is formed, in which 
the mass fraction of the binder phase is as high as 25.6%. 

2) The mechanism for the densification through 
solid phase sintering is dominated by the bulk diffusion 
between W and Mo atoms in a nonequilibrium manner 
and a viscosity/plastic flow of the phases caused by the 
high temperature and high pressure. 

3) The isotropic dissolution and precipitation of W 
and Mo atoms at high temperature and high pressure 
condition do not result in substantial carbide coarsening. 
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WC−MoxC 无金属粘结相硬质合金的热压致密化 
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摘  要：采用 1700 °C、20 MPa 热压工艺，制备 WC−6MoxC−0.47Cr3C2−0.28VC 无金属粘结相硬质合金。采用 X

射线衍射技术分析合金的物相成分，采用扫描电镜与能谱仪对合金的微观组织结构特征进行分析。结果表明，在

高温、高压固相烧结过程中，发生了 WC 中的 W 原子向 MoxC 中的大量固溶以及 MoxC 中的 Mo 原子向 WC 中的

反向固溶，导致含 Mo 的 WC 基固溶体与含 W 的 Mo2C 基固溶体的形成。W、Mo 原子之间的溶解－析出行为不

存在明显的各向异性，没有导致合金晶粒的显著长大。并讨论了合金的固相烧结致密化机制。 

关键词：无粘结相硬质合金；热压；扩散行为；致密化；晶粒生长；WC−MoxC 
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