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Hard metal is a composite material used in several areas of machining, mining and construction. It can be 
applied directly on oil and gas drilling equipment components. The main objective of this work was to apply 
a high energy milling technique to produce the WC-Ni composite and study the effects of milling time in the 
material properties. The milling of hard metal WC-20Ni, was performed for milling times of 1, 2, 4, 8, 16, 32 and 
64 hours. The starting powders were characterized by laser sedigraphy, SEM and EDS. Microstrutural analysis 
of the sintered samples was performed by optical microscopy, microhardness and density by Archimedes. The 
best results for the WC-20%Ni composite were achieved for 8 hours milling, where the density and hardness 
reached 97.09% and 1058 ± 54 HV, respectively, after sintering.
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1. Introduction

Hard metals are composite materials with high hardness and 
relatively high fracture toughness, which offer high wear resistance. 
Therefore, they are used in industrial cutting tools and other 
applications where high wear resistance is required1. Some of these 
applications are cutting tools, dies and drills for oil and gas drilling2. 
The hard metal composites help to reduce costs and increase tool life 
compared to conventional steel tools.

This composite is produced by powder metallurgy. Its properties 
depend on the composition, characteristics of the starting powders and 
manufacturing process. Therefore, the size, shape and distribution of 
the particles, the homogeneity of microstructure and porosity affect 
the mechanical properties of the material3.

The high energy milling process is a mechanochemical synthesis 
in which the mixed powders of different metals or alloys are ground 
to obtain a homogeneous alloy, through mass transfer4,5. During 
the process, the particle powders are continuously deformed, cold 
welded, fragmented and re-welded. Currently, this technique is 
capable of producing composite materials, nanostructured materials, 
intermetallic compounds, amorphous solid solutions, among others6,7.

High energy milling is greatly affected by a number of factors 
that play very important roles in the production of homogeneous 
materials7,8. The powder properties, such as the particle size 
distribution, degree of disorder or amorphization and final 
stoichiometry depend on the milling conditions8. This study aims to 
investigate the influence of high energy milling on the characteristics 
of WC-20Ni powders and these powders on the sintered structure.

2. Experimental Procedure

The experimental procedure to produce the WC-Ni composite 
is based on conventional powder metallurgy techniques associated 
with the technique of high energy milling. The materials used in the 
experiments were powders of WC (99% purity) and Ni (99.8% purity), 
purchased from Alfa Aesar©. Following the characterization of the 
starting powders, the mixture was prepared on the mass proportion 
of 80% WC and 20% Ni.

A WC-20wt%Ni powder composition was placed in the vessel 
that was completed to half its volume with hexane. The vessel and 

grinding bodies (5 mm diameter balls) used are stainless steel and 
the ball-to-powder weight ratio is 8:1. Mixing was produced by high 
energy ball milling using an attritor mill, under argon atmosphere 
and 800 rpm speed. Powder samples were collected after different 
grinding times: 1, 2, 4, 8, 16, 32 and 64 hours. Particle size distribution 
was determined by laser diffraction using a Cilas 1064. Morphological 
and microstructural characterizations were carried out by optical and 
electron microscopy.

Test specimens were made in a cylindrical die using a universal 
testing machine with a maximum capacity of 10 tonf to determine 
compressibility. The powders were uniaxially cold pressed in a 
cylindrical die at 300 MPa for subsequent sintering. Sintering was 
performed in a resistive tubular furnace in a flow argon atmosphere 
with heating rate of 8 °C/min to 800 °C and 3 °C/min to 1400 °C 
with an isothermal hold of 1 hour.

Microhardness and density by Archimedes method of the 
sintered samples was determined. The microstructure of the sintered 
samples was inspected by optical microscope after being polished 
with diamond paste and subsequent etching (Murakami’s solution).

3. Results and Discussion

3.1. Powder characterization

The SEM micrographs of the starting powders are shown in 
Figure 1. The WC particles exhibited morphology with faceted 
crystals and narrow particle sizes distribution, while the Ni particles 
have a rounded morphology with some agglomeration.

3.2. Powder morphology

During the mechanical alloying process, the powders are subject 
to high-energy collision, which causes plastic deformation, cold 
welding and fracture of the powders9. In the first stage of milling, the 
ductile particles undergo deformation while brittle particles undergo 
fragmentation (Figure 2a) the brighter particles are Ni, while darker 
ones are WC.
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Figure 1. SEM micrographs of the starting powders a) WC and b) Ni.

Figure 2. SEM micrographs of the WC-20Ni powders after ball milling for: a) 1 hour; b) 2 hours; c) 4 hours; d) 8 hours; e) 16 hours; f) 32 hours; and g) 64 hours.
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The brittle particles suffer fractures, which tend to refine them10. 
After 2 hours of milling, compared with the Ni particles, the WC 
particles decreased in size to form particles of about 6 μm, Figure 2b.

After 4 hours of milling, the Ni powder had become flattened 
due to the impact forces exerted on the powder by the milling. The 
flattened particles undergo welding, while the brittle particles are 
distributed on the surface of softer material (Figure 2c).

With increasing milling time, the capacity of particles to accept 
further plastic deformation decreases. As welding is the dominant 
mechanism in the process, the morphology of the particles changes 
to flattened particle agglomeration (Figure 2d and e).

The last step of milling process involves the fracture of particles, 
and results in greater deformation and/or fragmentation of particles. 
With decreasing particle size fragmented, the agglomeration of 
particles increases, thereby increasing the resistance to fracture. 
The increase of fracture resistance and greater cohesion between 
the particles, with decreasing particle size, cause agglomeration11, 
Figure 2f and g.

3.3. EDS analysis

The following graphs were obtained by EDS coupled to SEM to 
identify the elements present in powder particles after the milling.

The Figures 3, 4 and 5, shows which in the beginning of MA 
does not appear the contamination with Fe. The Fe contamination 
was detected in the WC-20Ni powder milled for 8, 16, 32 and 
64 hours (Figures 6, 7, 8 and 9). This is because this element is on 
the material composition of the vessel and balls, both of steel, which 
wear out during the process, due to subsequent collisions during the 
MA, contamination is a disadvantage of the MA using ball-milling.

3.4. Sieve analysis

Table 1 presents D
50

 and D
90

 – D
10

 values related for these size 
distributions. D

50
 is the particle size at 50% of the cumulative curve 

and D
90

 – D
10

 expresses the extent of size distribution.
With increasing milling time the particles decrease in size. 

However, if the milling is lasts longer than 8 hours, the particle size 
tends to increase, probably due to the formation of agglomerates 
during the milling.

The wet milling, with PCA was used to reduce the aggregation 
of particles because the powder particles cold welding to each other 
during the MAE, but much of the PCA is vaporized by heating due to 
grinding and powder particle size may increase the amount of PCA 
is below a critical value12.

3.5. Compressibility of WC-Ni

Figure 10 shows the effect of compaction pressure on relative 
density of the samples. All samples showed an increased relative 
density with increasing pressure, with the milling time of 1 hour 
showing higher values for each pressure applied. The relative density 
reached a maximum value of 64% for 1 hour compared to 56% for 
64 hours.

The powder milled for 1 hour may have a more heterogeneous 
particle size, where the fine particles can fill in the inter-space between 
the large powders, increasing the powder packing and the green 
density, as indicated in the literature13.

The morphology and hardening of the particles influence the 
powder compressibility. Particles with a flattened morphology have a 
greater deformation capacity during the compaction process, because 
of their higher specific surface which therefore allows the mechanical 
union between the particles14. Furthermore, a greater surface area 
(characteristic of flattened particles) resulting in increased internal 

Figure 3. EDS analysis for powders milled for 1 hour.

Figure 4. EDS analysis for powders milled for 2 hours.

Figure 5. EDS analysis for powders milled for 4 hours.
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Table 1. D
50

 and D
90

 – D
10

 values for particle size distributions of WC-20Ni 
for selected milling times.

Milling time (hours) D
50

 (μm) D
90

 – D
10

 (μm)

1 5.59 8.95

2 3.52 6.52

4 3.30 5.19

8 2.07 3.58

16 2.43 4.29

32 2.76 4.29

64 3.66 6.56Figure 6. EDS analysis for powders milled for 8 hours.

friction between the particles, decreases material compressibility15. 
The hardening experienced by the particles during the milling process 
is also one of the causes of decreased material compressibility. With 
increasing milling time the hardening of the particles increases and the 
ductile deformation capacity is almost exhausted, causing a fracture 
and hampering its packaging.

Figure 7. EDS analysis for powders milled for 16 hours.

Figure 8. EDS analysis for powders milled for 32 hours.

Figure 9. EDS analysis for powders milled for 64 hours.

Figure 10. Compressibility curves of the ball milled WC-20Ni powders.
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Figure 11. SEM micrographs of sintered samples prepared from powder ball milled for: a) 1 hour; b) 2 hours; c) 4 hours; d) 8 hours; e) 16 hours; f) 32 hours; 
and g) 64 hours. 1000× magnification, Murakami’s etching.

3.6. Microstructure

The micrographs show that for 8 hours of milling (Figure 11d) 
good quality sintering was achieved with homogeneous distribution 
of the microstructure. For times of 2, 4, 16 and 32 hours, a less 
homogeneous microstructure with higher porosity is observed. 
However, for 1 hour of milling where the structure and size of the 
particles were larger (Figure 11a) and 64 hours of milling where the 
agglomerate sizes were larger and heterogeneous (Figure 11g) low 
sinterability was obtained.

The most evident features of the micrographs are WC grain 
growth during sintering, distribution of WC particles and porosity. 
Homogeneity of WC grain size and distribution in the binder phase 
is a requirement for all applications of hard metals. Clearly, 1 hour 
of milling was not sufficient to create a homogeneous structure. The 
structure and particle size would have prevented a uniform distribution 
of pores and, a non-uniform distribution of Ni could have caused 
isolated areas of Ni formed during sintering. A large particle size 
has a greater impact on the final stage of sintering, which affects the 

separation of the grain boundaries and pores, allowing grain growth 
to start earlier in the sintering, resulting in a lower final density15.

3.7. Density

The properties evaluated in this study are related to densification, 
an important factor in the production of materials obtained by powder 
metallurgy. Density of the sintered samples is given in Table 2.

Relative density was seen to increase for up to 8 hours of milling, 
reaching 97% of theoretical density. The highest density for 8 hours 
of milling is in agreement with the micrograph shown in Figure 3d 
that presented a more homogeneous microstructure. After 8 hours of 
milling the relative density begins to decrease. Decreased density is 
probably due to the poor sinterability obtained.

The increase in the milling time up to 8 hours did not increase the 
densification but had a detrimental effect. This is probably due to changes 
in packing characteristics of the powders during compaction, which were 
caused by increasing levels of deformation and hardening of the particles, 
and also because of the shape and size distribution of particles14,15.
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Table 2. Density after sintering.

Milling time (hours) Relative density (%)

1 87.10

2 91.28

4 91.72

8 97.09

16 91.28

32 90.53

64 89.71

4. Conclusion

The milling time has a marked effect, both on shape, size and 
homogeneity of clusters. Powder contamination by iron due to wear 
of the balls occurred for milling times longer than 8 hours.

The morphology and hardening influence powder compressibility. 
A varied particle size and flattened morphology increase 
compressibility, while a small particle size causes decreased 
compressibility for the composite studied, and increased milling time 
increases its work hardening.

The milling time influenced the particle agglomeration. For 
8 hours of milling the agglomerate was small, for 16 and 32 hours it 
was high and for 64 hours it decreased. This significantly influenced 
the sintering process as the powders with agglomerate particles make 
the sintering process difficult.

Densification and hardness achieved better values after sintering for 
8 hours of milling time, with 97.09% and 1058 ± 54 HV respectively.

Long milling times, after 8 hours, had a deleterious effect on 
material properties. This was due to changes in packing characteristics 
of the powders during compaction, which were caused by increasing 
levels of particle deformation and hardening.
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