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1973, 1983). A rock drill bit is shown in Fig. 1. The advancement of the CC button into sharp 
rock mass, brittle fracturing of rock, cracks generation and rock penetration in the CC is clearly 
demonstrated in Fig. 2. The failure process of the coal cutting picks, such as, conical pick, is similar 

to rock drill buttons. The continuous cutting operation tends 
to damage the cutters gradually. The interaction between 
pick and coal, cracks formation and gradual wearing of 
the cemented carbide tip are shown in Fig. 3 (a, b & c). 

Fig. 1. Drill bit for rotary percussion 
drilling of hard rock (Courtesy: Prodrill)

Fig. 2. (a) Advancement of the drill button towards hard rock; 
(b) Contact between button and rock resulting crushing of rocks; 

generation of cracks and penetration of rock into the CC 

Fig. 3. (a) Interaction of the cemented carbide cone tip with coal by the rotating drum; (b) High impacts cause 
cracks in the cemented carbide tip; (c) One of the attributes of gradual wearing of the carbide tip and steel body
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4. Wear mechanisms in cemented carbide

In all the wear test methods, in situ drilling or cutting and laboratory wear tests, worn out 
parts of the cemented carbide are prepared for wear analysis. For characterization purpose, high 
resolution microscopes, such as, scanning electron microscope (SEM), field emission scanning 
electron microscopy (FESEM), energy dispersive spectroscope (EDS), atomic emission spectros-
copy (AES), electron backscatter diffraction (EBSD), transmission electron microscopy (TEM), 
energy filtered transmission electron microscopy (EFTEM), scanning transmission electron 
microscopy (STEM), focused ion beam scanning electron microscopy (FIB-SEM) are mainly 
used. A detailed list of wear mechanisms in cemented carbide and the steps involved in analyzing 
these mechanisms are given in Fig. 4. 

Fig. 4. Steps involved in wear analysis of cemented carbide 
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4.1. Wear analysis of the CC drill buttons

Wear analysis of the cemented carbide is not a new development. It has been done for 
a long time. Many researchers have reported about wear mechanisms of the CC tool by using 
SEM and FESEM. Most of the mechanisms are interrelated with each other. The main types of 
the damages are named as: Microspalling, Abrasion Wear, Cracks, WC grain pullout, Extru-
sion of binder metal and Reptile skin (Beste & Jacobson, 2003; Larsen-Basse, 1973, 1983, 
1985). 

Microspalling is a process in which small cracks are formed within the WC grains and 
thereafter chip removal phenomenon takes place (Swick et al., 1992). After percussive drill-
ing of granite and limestone, Montgomery (1968) has found fatigue microspalling as main 
wear mechanism. It has been reported that rate of microspall increases with an increase in rock 
hardness. Abrasion is a common wearing attribute which can be referred as severe scratches 
imposed by harder body to soft surface. Due to various mineral contents, rock is very abrasive 
in nature. Perrot (1980) has observed that abrasion of the WC grains and Co-binder depends 
on the temperature and the sizes of the abrasive materials. Jia & Fischer (1996) have noted dif-
ference between abrasion effects of hard and soft abrasive particles. During abrasive wear of 
the cemented carbide, hard particles create plastic deformation and soft abrasive cause removal 
of binder material. Cracks may generate when harder particles slide over the CC surface with 
removing debris. The surface impacts, impact fatigue and thermal fatigue can also results in 
cracks. Sharp rock behaves like wedge and enhances the crack growth phenomenon. In addition 
to the overall surface crack, the individual WC grains have also been focused under detailed 
study of crack propagation by some researchers (Gee et al., 2007; Gant et al., 2005; Blomberry 
et al., 1974). Extrusion of binder phase occurs when drilling is performed at high impacts and 
high temperature. This condition vouches the plastic deformation and micro-abrasion between 
WC grains. The extruded binder accumulates at the surface the CC surface with leaving the 
original place binder-less. The high impacts facilitate relative motion among WC grains and 
thereby inter-granular fracture occurs. This phenomenon leads to fragmentation and removal of 
WC grains. In this way, it can be stated that WC grain pull out follows binder phase extrusion 
(Pirso et al., 2004; Larsen-Basse, 1985; Gee et al., 2007; Desai et al., 1984). Reptile skin is a 
common wear mechanism in the form of large number of cracks on the surface of the cemented 
carbide. It has been mainly found on the drills which are used for minerals, such as, magnetite, 
chromite and manganese (Beste, 2004; Larsen-Basse, 1973). Although the surface topography 
of the reptile skin is similar to normal cracks generated by high impacts, still both are different. 
Beste et al. (2001) have carried out drilling tests by using three different CC buttons (each pos-
sesses different hardness and grain size). The difference has been observed between long initial 
surface cracks and reptile skins. The surface crack advances like long straight line but the scale 
of the reptile skin is comparatively lesser. 

Among all, two types of wear mechanism are typical in nature. They are: (a) rock cover 
formation & intermixed layer; (b) degradation of binder phase 

(a) Rock cover formation and intermixed layer: When the CC buttons continuously come 
in contact with rock material, it causes formation of solid cover of rock material over a large part 
of buttons. It has been observed that fragmented rock particles become integral part (as a layer) 
of the button surface with replacing some of the binder content (Beste, 2004; Beste & Jacobson, 
2008; Olovsjo et al., 2013). 
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(b) Embrittlement and degradation of the binder phase: Due to percussion drilling and 
rough contacts with rock, the binder phase experiences severe conditions. It results in micro-
structural damage including fatigue induced degradation, plastic deformation, formation of twin 
and dislocation, etc. Finally damage occurs when Co transforms from FCC to HCP phase. In 
addition, the development of new binder phase in combination with cobalt, rock material and WC 
fragments has been reported. The new binder phase is actually does not possess original binding 
quality. In other words, it can be referred as a degraded phase which is not desirable (Beste & 
Jacobson, 2008; Cha et al., 2001; Kindermann et al., 1999; Olovsjo et al., 2013; Rettenmayr et 
al., 1988; Schleinkofer et al., 1996). 

4.2. Wear analysis of the CC coal mining picks

Cutters equipped with the CC tips are used to separate coal from the coal seam. Although 
literature on wear assessment of coal cutting equipment is less in number, the work of Dewangan 
et al. (2015a, 2015b), Dewangan & Chattopadhyaya (2015, 2016) and Nahak et al. (2015, 2016, 
2017a, 2017b) towards wear characterization can be referred for further study. Two cutters, i.e., 
conical picks and radial picks have been taken for in-situ coal mining operation. In both the parts, 
i.e., the CC tip and the steel body, critical observation of wear mechanisms have been performed. 

Wear mechanisms, such as, large cracks with depth, cracks with overlapping surfaces, grind-
ing effect, adhesion of rock particle, and heating effect are found in the surface of the CC tip of 
the conical picks. These mechanisms have been categorised under the entire CC surface because 
they have been observed at comparatively lower magnification value of FESEM. 

As the conical picks were used through continuous miner machine, they were rotated by 
cutting drum to the coal. Sudden impacts generate small cracks on the CC surface which get 
enlarged by subsequent impacts. As the crack gets enlarged, it allows the coal and rock material 
to lodge inside it. Therefore, it is named as large crack with depth (Dewangan et al., 2015b; 
Dewangan & Chattopadhyaya, 2016). Cracks with overlapping surfaces are typical type of wear 
phenomena and are not common. It has been noticed that one side of the crack tends to overlap 
on the other side by the influence of heavy impacts. As the name suggest, grinding effect is the 
result of continuous sliding of the particular part of the CC tip on a sharp and abrasive area of coal 
(Dewangan & Chattopadhyaya, 2015). Adhesion of rock particle is almost similar phenomenon as 
discussed in drill bits. It is an initiation of rock cover formation over the CC surface (Dewangan 
et al., 2015a). Heating effect has been established by observing the flow of brazing materials 
towards the CC microstructure under the influence of high heat. It has been concluded that the 
temperature of the tip reached >450°C (Dewangan & Chattopadhyaya, 2016).

In the WC grains, mainly five different types of wear mechanisms have been detected. These 
are: cracking, crushing, cavity formation, corrosion in WC grains, and, abrasion in the individual 
grain. For observing these mechanisms, FESEM images were taken under higher magnification. 
Being an extremely hard material, CC is very brittle. After being subject to repeated impacts, it 
begins to crack (Fig. 5) (Nahak et al., 2016). Prolonged impacts over a large area of the cracked 
CC result in the crushing of the WC grains. Crushing leads to grain fragmentation phenomenon. 
WC fragments displace or remove easily and leave the original place empty (Fig. 6) (Dewangan 
et al., 2015a). Wearing in the form of corrosive degradation is a serious problem in the cemented 
carbide. A number of research works has been conducted by many researchers to know the corro-
sion behaviour of the WC grains and Co content. According to Echtenkamp (1978), reduction in 
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transverse rupture strength has been found after immersing the WC-12% Co in a ferric chloride 
solution. Also, it has been concluded that binder part removes from the original place and the 
chemical effect appears as a series of pores and triangular notches in the WC grains. In addition, 
Human & Exner (1996) have observed that the corrosion rate of binder part is faster than carbide. 
It has been concluded that high amount of cobalt enhance the corrosivity and vice-versa. Therefore, 
WC-Co with least amount of cobalt or binder-less carbide possesses high wear and corrosion 
resistance properties (Exner, 1979; Engqvist et al., 2000; Gee, 2010). With reference to the Indian 
mines, the corrosivity of water collected from different mines has been tested. Corrosion rates 

Fig. 5. Severe cracking in the WC grain (Nahak et al., 2016)

Fig. 6. Cavity formation in the WC grain (Dewangan et al., 2015a)
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are decided by the effects of Fe3+, Cu2+, SO4
2– and Cl– (Singh, 2006). Under the influence of 

corrosive mine water, the CC tip of coal mining picks have also been found corroded. Both the 
parts, WC grain and Co content, are affected by the mine water. The roughness of the WC grain 
surface appears in the form of pores and notches (Fig. 7). Also, the formation of tungsten oxide 
and binder phase removal due to corrosion has been reported (Dewangan & Chattopadhyaya, 
2015, 2016). Also, a typical abrasion phenomenon in the individual WC grain has been reported 
by Nahak et al., (2017b) (Fig. 8). 

Fig. 7. Corrosive degradation of WC grains and binder content; white arrow marks show pores and down por-
tion of the white rectangle shows removal of the cobalt binder (Dewangan & Chattopadhyaya, 2016)

Fig. 8. Typical abrasion in an individual WC grain shown by a black arrow (Nahak et al., 2017b)
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6. Discussion 

Different wear mechanisms are appeared in the cemented carbide at various working condi-
tions and accordingly the proper selection of the best grades of the CC is done prior to use. For 
example, if the cemented carbide is to be used for hard and abrasive work-piece, then it should 
posses high wear and fracture resistance properties. These properties are achieved by minimiz-
ing both, the grain size and also the cobalt content. Similarly, if corrosion resistance is required, 
then Co content should be minimized or removed or replaced by some other corrosion resistant 
binding material. Therefore, for enhancing the desirable properties of the cemented carbide to 
the excellent level, some techniques have been developed recently. These techniques are: (a) 
development of nano-sized WC grains; (b) development of functionally graded cemented carbide; 
(c) development of binder-less cemented carbide. 

(a) Nano-sized cemented carbide contains powder of WC grains. It is a very dense structure. 
Although it does not possess cobalt as a binder, still it contains good fracture toughness 
(Mukhopadhyay & Basu, 2011; Zhang et al., 2003; Butler et al., 2007). 

(b) Development of functionally graded cemented carbide becomes vital when both the 
properties, i.e., fracture toughness and wear resistance are highly required. This com-
bination is very useful in the field of metal cutting, rock drilling, coal mining, and oil 
drilling etc (Fischer et al., 1988, 1999; Hartzell et al., 1995; Ren et al. 2013). The CC is 
prepared with varying cobalt content from the surface to the core of the structure. If the 
surface is to be made highly tough, higher amount of cobalt is provided in the surface. 
This is usually used in normal cutting tools. Sometimes, the structure is divided into 
three zones due to cobalt distribution. In this situation, generally, the cobalt content is 
provided in fewer amounts at the surface and at the core and in higher amounts at between 
them. This structure possesses abrasion resistance at the surface and good toughness 
at the next layer of cobalt distribution. These properties are highly desirable for rock 
drilling tools (Fischer et al., 1989; Akerman et al., 1995; Liu et al., 2006; Zhang et al., 
2008; Wang et al., 2013).

(c) The binder-less cemented carbides are specially designed for increasing the corrosion 
and oxidation resistance properties. This consists of secondary carbides, such as, TiC, 
TaC or NbC. The resultant composite is very hard but the toughness is very low (Imasato 
et al., 1995; Raghunathan et al., 1996). It has also been noted that Co can be replaced 
by Ni/Ni-Cr/Ni-Co and sometimes can be alloyed with Cr3C2 to increase the corrosion 
resistance property (Tomlinson & Linzell, 1988; Human & Exner, 1996; Hochstrasser 
et al., 2007).

7. Conclusion 

The learning and conclusion derived from this review is as follows:
(a) WC-Co cemented carbide is a very important tool material. Due to an excellent combi-

nation of hardness, strength, wear resistance and fracture toughness, it is widely used in 
metal machining, rock drilling, coal cutting, metal mining and oil drilling etc. During 
mine excavation, the CC undergoes a complex condition created by varying geologi-
cal condition, quartz content in hard rock, heat generation due to friction, and different 
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machining parameters. These conditions restrict the long service life of the CC by 
making it worn out during application. The CC gets damaged by different mechanisms. 
In the present paper, an attempt has been made to review all those mechanisms with 
their causes and effects. The analysis of wear mechanisms is an important technique to 
know the behaviour of the tool towards failure. After knowing the exact wear behaviour, 
the concentration of the tool material can be changed or modified to get the resisting 
properties against any particular wear mechanism. Therefore, some standard laboratory 
wear test methods are also developed by ASTM to observe the wear response of the 
cemented carbide. 

(b) Wear analysis of the cemented carbide has been mainly performed after three different 
applications: rock drilling through drill bits with the CC buttons; coal mining by using 
the CC based cutters like conical and radial picks; standard wear tests in laboratory by 
preparing exact size of the CC sample. 

(c) For characterization purpose, worn out CC samples are undergone through high resolu-
tion microscopes like SEM, FESEM, EDS, AES, EBSD, TEM, EFTEM, STEM, XRD, 
and FIB-SEM, etc. According to the characteristics and appearance, different types of 
wear mechanisms are reported. 

(d) Different types of wear mechanisms in the cemented carbide can be listed – Cracks; 
Crushing; Microspalling; Cobalt depletion; Binder phase degradation; Binder removal; 
WC grain cracking, crushing, fragmentation & pull out; Cavity formation; Reptile 
skin; Plastic deformation; Adhering of external material; Rock & coal intermixing; 
Rock & coal cover formation; Abrasion & Erosion; Scratches; Oxidation & Corrosive 
degradation; Rock channel formation; Heating effect; Grinding effect.

(e) All types of wear mechanisms initiate from generation of minor cracks. Among them, 
rock intermixing, cobalt degradation, and corrosive degradation create severe condition 
for the cemented carbide. Through minor cracks, rock and coal particles get intermixed 
with cobalt content to form a mixture with undesirable properties. Unlike Co, this mix-
ture does not possess binding quality. Cobalt gets degraded from FCC to HCP structure 
which further gives rise to WC grain removal and overall CC damage. Corrosive deg-
radation is found in WC grains and Co both. It generally occurs when the CC comes 
into influence of any chemical or corrosive environment. Cobalt removal and porosity 
in the surface of WC are the common effects of corrosion. By the effect of corrosive 
mine water, high degree of corrosion is reported in coal mining picks. 

(f) Three wear mechanisms, such as, Co depletion, grinding effect, and typical abrasion in 
individual grain are rarely found but they are important because their effects are highly 
damage prone. 

(g) To predict, observe and establish any type of wear behaviour, an excellent laboratory 
set up and high quality instruments are needed. It will give a proper understanding of 
a critical stage.

(h) The wear analysis of the cemented carbide must be carried out in future so that new 
directions of the research can be implemented. 

As rock drilling and coal cutting are difficult to be done in the laboratory, wear testing methods 
are useful in the workshop practice. Therefore, the development of new wear testing machines or 
modification of the standard wear test apparatus may be an important area of research in this field. 
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