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WC-Co based tools are widely used in the field of coal and rock excavation because of their unique combination of strength,
hardness, and resistance to abrasive wear. Conical pick is one of the coal cutting tools. The tip of the pick is made of WC-Co
material. As coal and rock are heterogeneous elements, they pose various constraints during excavation. As a result the tools wear
out during the process. Other parameters like cutting techniques, tool orientation, and environmental conditions also affect the
tool significantly. The wearing phenomenon greatly reduces the service life of the tools and thereby cuts down the production rate.
To prevent such wearing process, it is important to investigate the different wear mechanisms inWC-Co. Simultaneously, there has
to be an ongoing endeavour for the development of better quality WC-Co. This paper focuses on different wear mechanisms in
a conical pick which has been used in a continuous miner machine for coal cutting. The worn out surface has been observed by
using FE-SEM (field emission scanning electron microscopy) and EDS (energy dispersive X-ray spectroscopy). The mechanisms,
namely, coal/rock intermixing, cracking and crushing of WC grains, and adhesion of rock particles, have been predominantly
investigated in this study. A little indication of corrosive decay in the WC grain has also been reported. The EDS has detected
material concentration in a selected area or point of the worn-out surface. The spectrograph confirms the presence of coal/rock
materials. Elements such as W, C, Ca, K, O, and Co have been mainly found in different concentrations at different positions.

1. Introduction

Conical pick is an essential tool in the field of coal/rock
excavation. The abrasive cone tip is made of cemented
carbide material and is inserted in a steel body. Cemented
carbide is a binary composition of WC and Co. It is exten-
sively used in excavating machines, such as continuous
miner, roadheader, and shearer. Picture of a continuous
miner is shown in Figure 1(a). Cemented carbide has the
ideal combination of hardness and toughness. Tungsten
carbide possesses strength and hardness whereas the cobalt
is responsible for toughness [1, 2]. The grain size of carbide
affects wear-resistance property of the cemented carbide.The
coarse-grained carbides usually have a lower abrasive wear-
resistance than that of a fine or medium grain size [3–8]. By
increasing the granule size of carbides, the fracture toughness
increases [9]. Factors such as rock types, abrasiveness, drilling
temperature, rock penetration, and corrosive environment

around tool can result in various wear mechanisms [10, 11].
Different drilling patterns can also be the cause of different
failure mechanisms. If percussion drilling is carried out,
then it causes fatigue impact wearing as the main failure
mechanism. Again, when the rotary/crushing is the drilling
pattern, it is abrasion and crack that become the primary
characteristics of failure mechanism [12–14]. Beste et al.
(2006) have studied mainly two deterioration mechanisms
in rock drill buttons. They are binder phase degradation and
rock intermixing [15]. Larsen-Basse (1973) has concluded
in a review that rock drill bit wear can be explained by
the following mechanisms: surface impact spalling, surface
impact fatigue spalling, thermal fatigue, and abrasion [16].
However, the generated heat during drilling process greatly
affects the sustainability of tools. Fish et al. (1957) have found
that hard rock drilling leads to a process of tool material
softening due to high button temperature. Moreover, the
necessary high load generates high frictional heat [17]. The
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Figure 1: (a) Continuous miner machine (courtesy: joy global) [27]; (b) gradual wear of WC-Co tip.

actual surface temperature of the drill button is difficult
to measure. However, the average temperature has been
reported to be between 300∘C and 400∘C [10]. Also, oxidation
of Co takes place near the crack tips at higher temperature
which results in brittle-ductile transitions [18]. The thermal
fatigue crack propagation in WC-Co has been studied by
Lagerquist [19] and the rate-controlling factor has been found
to be the width of Co layers between the adjacent WC
grains. Many researchers have studied wear mechanisms
of CC tool with SEM (scanning electron microscopy) and
high resolution field emission gun SEM analysis. They have
found different types of damage in the cemented carbide
buttons, namely, microspalling, abrasion wear, cracks, WC
grain pullout, extrusion of binder metal, and reptile skin [11,
13, 14, 16, 20–23]. In an experiment, Olovsjö et al. (2013) have
concluded that the controlling parameters of the wearing
process in CC are plastic deformation and cracking and
crushing of individual WC grains. Cobalt depletion and rock
material penetration may also affect the drill button life to a
great extent [24]. Gupta et al. (2012) have carried out SEM
analysis of worn out diamond cutting tool and unused tool to
compare the microstructure after rock cutting. The new tool
has displayed properly bonded diamond particles in nickel
matrix. However, channels or grooves can be seen in the
worn-out part due to combined effect of excessive loading
and bit rotation. It has also been noticed that the matrix is
plastically deformed due to the high temperature produced
during core drilling [25]. After investigating various wear
mechanisms in CC drill bits, researchers believe that there
have to be further studies in this area [24, 26].

The present paper studies wear mechanisms in the WC-
Co tip of a worn-out conical pick, which has been used in
a coal cutting operation by a continuous miner machine. A
sketch of gradual wearing of the WC-Co tip is given in Fig-
ure 1(b). It is important to organize adequate samples of
worn-out tools for critical investigation. The field emission
scanning electron microscopy (FESEM) and energy disper-
sive X-ray spectrography (EDS) have been used to observe
the severity of damage and deterioration. FESEM has more
advantages over SEM in terms of better quality images with
higher magnification. EDS helps to find the exact amount of
material concentration in the selected point/area. Hence, the
detection of rock/coal materials in the selected part of WC-
Co structure can be made properly.

2. Experimental Work

The experimental work primarily consisted of organizing a
worn-out sample to make critical observation. It required
a small-sized sample of the work piece for getting correct
results in SEM analysis. If the tip is inserted deeply into the
tool body, it becomes difficult to cut the hardWC-Comaterial
properly. Therefore, the tip was cut by electric discharge
machining (EDM). The microscopic analysis was done with
the FE-SEM Supra 55 (Carl Zeiss, Germany). The worn-out
conical pick and the sample, which were observed through
SEM, are shown in Figures 2(a), 2(b), and 2(c).

The cracks and crushed parts in the tip surface could be
seen by naked eyes as in the referred figure but the micro-
structural damage inside could not be seen. By using SEM
and EDS, different types of wear mechanisms were found.

3. Observation

The SEM is capable of detecting the microstructural damage.
Simultaneously, the factors causing the damage in a particular
area can be detected through EDS. For taking SEM images
of different parts, some adjustments had to be made, regard-
ing the magnification, accelerating voltage or electron high
tension (EHT), working distance (WD) between the sample
surface and the lower portion of the lens, and so forth. These
are shown in each of the SEM images. Different types of wear
mechanisms could be observed in the surface of the worn-out
sample. Cracking and crushing ofWC grains, interruption of
coal and rock particles, and adhesion of rock materials into
the surface were found to be the main wear mechanisms.

Hard rocks are always present in between coals in a
mine. These undesirable rock materials are the main cause
behind tool damage. With the drum of the continuous miner
machine rotating at 54 rpm, the tool is hit by coal and rock
during cutting. The sudden high impact leads to cracking
and crushing of the WC grains, rendering the tool absolutely
useless. The cracks in the WC grains are shown in Figure 3.
During this process, some sharp edges of rocks penetrate the
cracks, thereby crushing the WC grains. In some cases, small
fragments of crushed WC grains come out, making a hole in
the original structure (Figure 4). Sometimes these holes are
filled with coal/rock material.

Coal/rock interruption in between theWC-Co structures
is a commonwear mechanism in any coal cutting equipment.
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Figure 2: (a) Worn-out conical pick; (b) crushing and cracking of WC-Co tip; (c) sample to be tested on SEM.

Figure 3: Crack on WC grain.

Figure 4: Crushing of WC grains; hole due to penetration of sharp
edge of hard rock.

The Co binder phase is ductile in nature and due to the
massive impact, the rock/coal particles enter into the binder
phase and get mixed with them. This results in the degrada-
tion of the Co phase. As a result, it can no longer bind theWC
grains properly. Rock/coal intermixing can be assumed to be
the main factor which triggers other types of deterioration
in the tool. The presence of coal/rock has been confirmed
by the EDS analysis. The spectra plotted by EDS are capable

Figure 5: Coal/rock particle interruption (black portion) in
between the WC grains.

of showing the percentage concentration of mixed rock/coal
materials. The coal and rock interrupted zone (black part) in
the surface of the tip is shown in Figure 5. Coal intermixing at
another part of the sample is shown in Figure 6. For capturing
this image, the magnification and accelerating voltage had to
be adjusted at 2.00Kx and 10.00 kV, respectively. For the pur-
pose, an areamarked spectrum 1 was selected for observation
of the concentration of coal and rock materials through EDS.
The data obtained through EDS reveals that mainly W, C,
and O are in excess and their weights (%) are 39.53, 35.89,
and 20.81, respectively. Ca (0.77%) and Co (3.00%) are also
present in small amount. Here C represents the coal particles
and Ca and O are the sign of rock parts. As the tool was used
in a coal mine, mainly coal interruption was observed.

A comparative analysis of EDS spectra at three different
zones of the crushed WC surface was done (Figures 7(a),
7(b), and 7(c)). All the three figures are the same but the
points/areas selected for taking EDS were different. Spectra
1, 2, and 3 have been marked on the solid WC grain, binder
material (dark part), and crushed WC grains, respectively.
The pertaining EDS images are given in Figures 8(a), 8(b),
and 8(c). Also, the weight percentage and atomic percentage
of the elements of the corresponding images have been noted
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Figure 6: (a) Coal/rock intermixed zone (dark coloured); (b) EDS spectra of selected area showing the presence of coal and rock material.
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Figure 7: Crushed part of tool tip; different points/area selected for EDS analysis.

down. This process verifies the presence of coal and rock
in the damaged tip surface. The damaged part shows very
little amount of Co indicating that it has been degraded by
coal/rock materials.

The homogeneous 𝛼-tungsten carbide contains tung-
sten and carbon in an exact stoichiometric ratio of 49.5–
50.5mol% carbon [28]. Pure tungsten powder is mixed with
pure carbon (lamp black) in the ratio of 94% and 6% by
weight at a high heat of about 1400–2000∘C [28, 29]. Hence,
it is natural to find a concentration of C in the WC grain. On
the basis of the spectrum 1 (a point on solid WC grain) it can
be concluded that the W and C are the main constituent of

the WC grain, although a small amount of O is also present
due to the deteriorated condition of the surface. Spectrum 2
(a point selected on binder (black) part) shows a compara-
tively high amount of carbon and oxygen content and also
a little amount of Mg, Ca, and Al, indicating intermixing of
coal and rock material with the binder phase. The area of
spectrum 3 in the crushedWC grains also shows the presence
of penetrated coal and rock materials (see Figure 8).

The adhesion of coal/rock particle into the surface of
cemented carbide is another wear mechanism. The observed
rockmaterial is shown in Figure 9 (magnification= 14.00Kx).
This phenomenon enhances the rock interruption in between
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Figure 8: EDS pertaining to area selected in Figure 7; (a) EDS of a point selected in Figure 7(a) on WC grain; (b) EDS of a point selected in
Figure 7(b) on dark part; (c) EDS of an area selected in Figure 7(c) on crushed WC grain.

the binder contents. The rock and coal materials adhere to
the surface due to the high impact caused by moving roller
of continuous miner machine at the time of coal cutting. As
the number of rotations increases, the rock particle begins to
enter into theWC-Co bond by replacing the Co binder phase.
The rectangular area (spectrum 1) was selected for observing
the EDS result (Figure 9). Excess carbon indicates presence
of the coal materials. Rock materials like N and O were also
significantly visible.

Beste and Jacobson (2008) explained the chemical and
oxidative degradation of the WC grains by SEM images in
which the oxides were shown in the form of white circular
spots. They also pointed out decay of the WC grains due
to corrosive environment [26]. Similar corrosive decay to

an extent was reported in the present experiment as well.
However, the oxide layers or spots are not present in this
experimented sample. The corrosive degradation has been
shown inside the white oval (Figure 10).

4. Conclusion

For a long time, the wearing mechanisms of CC have been
under study. In order to enhance the quality of CC, it is
important to understand the wearing process of CC under
different working conditions. In the present study, an attempt
has been made to understand the deterioration mechanisms
in a worn out conical pick. The pick was being used in con-
tinuous miner machine for coal mining.The tool sample was
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Figure 9: Adhering of rock particle; EDS spectra showing the concentration of elements.

Figure 10: Corrosive degradation of WC grain (white oval); white
arrow shows the coal/rock intermixed binder material.

carefully investigated through FE-SEM and EDS for a thor-
ough understanding of the wearing mechanism. Although
cracks and crushed parts in the surface were clearly visible by
naked eyes, the severity of damage could be assessed only by
using SEM.Also, thematerial (element) concentrations in the
damaged part were detected by EDS. Different types of wear
mechanisms, namely, coal/rock interruption, cracking and
crushing ofWCgrains, adhesion of rock particles, and a small
indication of corrosive decay in theWCgrains, were reported.
Predominantly, WC grain cracking and crushing could be
detected. The conclusion that could be made at the end of
the study was that coal/rock materials penetrate the cracks
of the coal cutting tools to enter inside the base material and

degrade it. A small percentage of intermixed rock material in
the present investigation indicated that the quality of coal is
good in this particular mine under study and has very little
amount of rock present in between the coals.
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