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Abstract The interest in understanding the wear

mechanisms of cemented carbide (CC) is not a new de-

velopment. For a long time, there have been studies on

different wear mechanisms under different coal/rock cut-

ting conditions. These studies have helped improving the

quality of CC, thereby preventing such wearing of tools.

Due to highly unpredictable character of coal/rock, the

wearing phenomena cannot be attributed to one single

domain of conditions. However, one conclusion that can be

drawn in this context is that, under similar working con-

ditions, similar types of CC undergo similar nature of

wearing process. An optimum combination of high wear

resistance, strength and hardness has facilitated widespread

application of CC in the field of mining engineering. The

abrasive parts of the mining tools are made of CC mate-

rials. The current study is focussed on a detailed charac-

terization of the wear mechanisms of conical picks, which

are used for coal mining. Conical picks consist of a steel

body with an inserted cone-shaped CC tip. After being used

for a certain period of time, both, the CC tip and the steel

body get distorted. In this study, selection of appropriate

samples was followed by critical observation of them

through field emission scanning electron microscopy

(FESEM) and energy dispersive X-ray spectroscopy

(EDS). In the previous study, we explained the distortion

process of both, the tip as well as the body, using the SEM

images. For the present study, two samples were taken

from our previous investigation for further analysis. Three

other samples were also included in the present study.

Seven different types of wear mechanisms, such as,

cracking and crushing, cavity formation, coal intermixing,

chemical degradation along with abrasion, long and deep

cracks, heating effect and body deformation were observed

in the five tool samples.

Keywords Conical picks � Cemented carbide � FESEM �
EDS � Wearing characterization

List of symbols

W Tungsten

C Carbon

WC Tungsten carbide

O Oxygen

N Nitrogen

H Hydrogen

Ca Calcium

Cr Chromium

Co Cobalt

Ni Nickel

Si Silicon

S Sulphur

Mn Manganese

Fe Iron

Cu Copper

Zn Zinc

1 Introduction

In the field of mining, many tools are available for different

operational purposes. Cutters are used for comparatively
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soft and non-abrasive substances, such as, coal, salt and

concrete. Mainly three types of cutters are available. They

are radial pick, forward attack pick and point attack pick.

The abrasive parts of the picks in required shapes are made

of CC materials, which are inserted in the steel body and

joined by brazing. The CC materials are known for their

extreme hardness, high compressive strength and modulus

of elasticity. There have been extensive researches to de-

velop substitutes of CC. Some materials have indeed been

found to be harder than CC. However, due to insufficient

impact resistance, they have not proved good for cutting

coal/rock. Point attack picks or conical picks have many

advantages for coal mining. With the use of continuous

miner machine, conical picks are highly preferred for high

production of coals. The cutting action of conical pick and

a continuous miner machine has been shown in Fig. 1a, c.

The economy of excavation process and the production rate

mainly depend upon the performance of the tools, which

again depends on their rate of wearing due to cutting of

coals. Usually the worn out tools consume high energy

during the cutting process. The wearing mechanism is an

important process parameter which needs to be studied. For

a long time, the wear mechanism of CC has been studied to

minimize distortion of the tools. It is the heterogeneity and

highly unpredictable nature of coals and rocks that make it

difficult to categorize the wearing process in a single do-

main. The nature of distortion varies in different tools

under different cutting conditions. However, identical tools

exhibit similar types of wear behaviour, provided, they are

used under similar working conditions. The gradual wear-

ing of conical pick is shown in Fig. 1b.

Our previous paper was focussed on the microscopic

investigation of the wear mechanisms of the steel body and

the CC tip of four conical picks (Dewangan et al. 2014). In

the present paper, a detailed characterization of wear

mechanisms of conical picks has been attempted. Five tool

samples have been studied, of which two have been taken

from previous work. Like the earlier investigation, all the

picks were used for cutting coals with a continuous miner

machine. Based on the previous and present studies, an

(a)

(b)

Rotating drum of 
continuous miner machine 

Rake surface 
of conical CC 
tip 

Depth of cut

Conical pick 

Pick axis 

Coal mass 

Pick holder 

Clearance 
surface of 
conical CC tip

Wearing of CC tip
Body deformation (c)

Fig. 1 a Cutting action of continuous miner machine; b gradual wear of conical picks; c 14 CM series continuous miner machine (courtesy:

joyglobal)
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attempt has been made to explain the extent of the wearing

phenomena in the tools. A careful application of FESEM

has revealed new wear mechanisms.

1.1 Literature Survey

A thorough study of relevant literature proves that conical

picks are widely used in coal cutting operation and they have

greater advantages over other tools. When a conical pick is

used, the depth of cut increases and the need for specific

energy decreases (Bilgin et al. 2006). The shape of conical

pick remains sharp due to symmetrical wear during cutting

(Khair 2001). Conical tool also ensures greater efficiency as

it requires the lowest specific energy for penetration (Miller

and Sikarskie 1968). The conical pick has a longer life than

radial bits (Yilmaz et al. 2007). MacGregor et al. (1990)

have compared the button picks and point attack picks

through experiments. They have found that both the picks

deteriorate in a similar manner. But buttons fail due to non-

rotational wear. They require comparatively higher average

normal force than point attack picks. Progressive wear leads

to an increase in the force value which is comparatively

higher in case of the button picks. Also, higher incidence of

thermal cracks is observed in buttons.

It is important to understand the manufacturing process

of tungsten carbide (WC) and cemented carbide (CC).

Tungsten carbide is manufactured by mixing pure tungsten

powder with pure carbon at a high temperature of around

1500 �C in a vacuum or in presence of hydrogen (Rajput

2007; Tulhoff 2000).

Fig. 2 Five damaged picks used for wearing characterization
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Wþ C ! WC ð1Þ

There are several methods for manufacturing tung-

sten carbide (Tulhoff 2000): tungsten oxides (WO3),

tungstic acid (H2WO4), ammonium paratungstate

[(NH4)10W12O41 9 5H2O] and scheelite (CaWO4) can

be carburised directly to get tungsten carbide:

WO3 þ 4C ! WCþ 3CO ð2Þ
H2WO4 þ 4C ! WCþ 3COþ H2O ð3Þ

NH4ð Þ10W12O41 � 5H2Oþ 48C

! 12WCþ 10NH3 þ 10H2Oþ 36CO ð4Þ

CaWO4 þ 4C ! WCþ CaOþ 3CO ð5Þ

Carburization of tungsten oxide can also be done using

gases like carbon monoxide or methane:

WO2 þ CH4 ! WCþ 2H2O ð6Þ

The newly formed product, WC, is then mixed homo-

geneously with a certain amount of cobalt. This is the ce-

mentation process for making CC. The homogeneous

mixture is pressed into the required shapes under pressure

from 100 to 420 MN/m2 in presence of heat and vacuum.

Sometimes hydrogenous environment is used in place of

vacuum (Rajput 2007). These specifically shaped products

are sintered in a vacuum at a temperature around 1435 �C
so that the porosity can be minimized. The parameters,

Fig. 3 Five samples under study: sample ‘A’, ‘B’, ‘C’, ‘D’ and ‘E’

Table 1 Observation of

deterioration in condition of five

samples

S. no. Sample no. Deterioration in condition of samples

1 Sample ‘A’ CC tip is completely removed and some parts of body are deformed

2 Sample ‘B’ CC tip and steel body, both, are severely deformed

3 Sample ‘C’ CC tip is removed, small CC material is still adhered, steel body is deformed

4 Sample ‘D’ Scratches in steel body, a small part of CC is available

5 Sample ‘E’ Deformation of only conical CC tip with grinding effect, no steel body
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such as, WC grain size, Co content, porosity and carbon

content, affect the performance of CC to a great extent

(Bilgin et al. 2013).

The tribological, mechanical and thermal properties of

WC-cemented carbide substantially depend on its compo-

sition and WC particle size (Larsen-basse 1985; Jia and

Fischer 1996; Pirso et al. 2004). Grain size of carbide af-

fects wear-resistance property of CC. The coarse-grained

carbides usually have lower abrasive wear resistance than

that of a fine or medium grain (Pirso et al. 2004; Kagnaya

et al. 2009; Deng et al. 2011). Fracture toughness and wear

resistance increase with an increase in the granule size.

It has been found that the hardness of bulk composites

decreases with an increase in binder content (Brookes

1992). Co (in b-phase) is used as a binder material and it

can be alloyed with Ni or Cr so that the transition of Co

from its high-temperature ductile phase (fcc) to its low-

temperature brittle phase (hcp) can be avoided (Beste et al.

2001). Transverse rupture strength increases with an in-

crease in the cobalt content. Co may be increased up to

Fig. 4 a Damaged conical pick

and prepared sample ‘E’;

b cracking of WC grains in

sample E; white circle is

indicating crushing of

individual WC grain
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20 %. A further increment of Co leads to the separation of

carbide grains (Bilgin et al. 2013).

Porosity is an important factor which adversely affects the

performance of WC–Co. With an increase in porosity, de-

crease in transverse rupture strength and durability of WC–

Co has been reported (Wood 1970). It has been concluded

that the porosity can be reduced by enhancing the amount of

binder material (Daoush et al. 2009). In addition, the carbon

content also plays an important role in tool quality. Mixing of

the carbon content during sintering process can reduce the

rupture resistance property (Bilgin et al. 2013).

Although CC is a very hard and wear-resistant alloy, its

corrosion-resistance property is not up to the mark. Many

techniques have been adopted to reduce corrosion in WC–

Co. A solution has been found in alloying the Cr3C2 into

binder phase or in replacing the Co binder with Ni, Ni–Cr

and Ni–Co. However, other mechanical properties are

negatively affected (Human and Exner 1997; Tomlinson

and Linzell 1988; Hochstrasser et al. 2007).

The total useful life of the cutting bits of continuous

miner machine and longwall shearer is dependent on their

wear- and fracture-resistant properties. These properties

are again dependent on the bit geometry; the physical,

mechanical, and thermal properties of the bit materials;

the bit mounting configuration on the drum; depth of cut;

bit speed; and coal/rock properties (Plis et al. 1988). Hurt

Fig. 5 a Damaged conical pick

and prepared sample ‘C’;

b image of fully crushed WC

grains in sample ‘C’
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and Evans (1981) have referred to the factors which affect

the extent of wearing. These factors are rock character-

istics, quartz content, the structure and concentrations of

tool materials and a few controllable operational pa-

rameters, such as, cutting speed, cut distance and drum

design. A high degree of friction and impact due to severe

cutting conditions result in the fracture and detachment of

the tip from the steel body. Abrasive wear, micro-chip-

ping, gross failure and thermal cracking are the common

wear mechanisms. Kenny and Johnson (1976) have ob-

served that the steel body is relatively soft and ductile as

compared to the inserted tip. The condition of the tool

body can deteriorate easily. Nonetheless, ideally it is as-

sumed that the body part will not come in contact with the

rock materials. In our previous work, we established the

presence of severe plastic deformation and coal particle

entrenchment in the steel body of the tool (Dewangan

et al. 2014).

Heat generation process can greatly affect the sustain-

ability of tools. Mary and Gonseth (1993) have predicted

tool life on the basis of mechanical behaviour of WC–Co

after finding an interrelationship between the generated

temperature and the cutting speed. The mechanical be-

haviour of WC–Co can be divided into three temperature

Fig. 6 a Damaged conical pick

and prepared sample ‘E’;

b Cavity formation in the WC

grain is shown in a white circle

(sample ‘E’)
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domains. It is brittle below 500 �C, tough between 500 and

800 �C and plastically deformed above 800 �C. Some lit-

erature is available on the use of CC buttons for rock

drilling. Fish et al. (1959) have found that high temperature

generation causes tool material to soften, and, the high

load, necessary for drilling, can also generate high fric-

tional heat. In addition, Kindermann et al. (1999) have

found temperature-dependent fatigue effect at temperatures

between 25 and 900 �C. It has been investigated that at a

low temperature, the Co binder undergoes a phase trans-

formation from FCC to HCP, which is more brittle and

hard when subjected to cyclic loads. Also, oxidation of Co

takes place near crack tips at higher temperature leading to

brittle–ductile transitions. Lagerquist (1975) has studied

the thermal fatigue crack propagation in WC/Co. The rate-

controlling factor has been found to be the width of the Co

layers between adjacent WC grains.

Lee and Gurland (1978) have explained a relationship

between hardness of cemented tungsten carbide and its

microstructure in room temperature, which is as follows:

H ¼ HWCVWCC þ Hm 1� VWCCð Þ ð7Þ

where H hardness of WC–Co, HWC hardness of binder-less

polycrystalline WC, VWC volume fraction of the WC phase

(0.9 in WC – 6 wt% Co), Hm hardness of the binder phase

in WC–Co, C contiguity of the WC grains.

Fig. 7 a Damaged conical pick

and prepared sample ‘D’;

b penetration of coal material

(dark part) into WC–Co

structure; light coloured parts

are WC grains (sample ‘D’)
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The value of C varies with cobalt content but does not

vary substantially with WC grain size.

It has been found that HWC and Hm follow the Hall–

Petch relationship, which can be written as:

HWC ¼ HOWC þ KOWCd
�1=2 ð8Þ

Hm ¼ HOm þ KOml
�1=2 ð9Þ

where, d mean of WC grain size, l mean free path in the

binder phase; HOWC, KOWC, HOm, and KOm are the

constants.

On the basis of above relationships, Milman et al. (1997)

have reported hardness measurement on WC – 6 wt% Co

in temperature range of -196 to 900 �C. It has been found

that according to Hall–Petch-type relationship, under any

temperature and with any amount of cobalt contents, the

Fig. 8 a Damaged conical pick

and prepared sample ‘B’;

b chemical degradation of WC

grains (sample ‘B’); pores due

to chemical decay (white

arrows)

Fig. 9 Enlarge view of selected white area; abrasion of chemically

degraded grain (yellow arrows) (color figure online)
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hardness of the alloy decreases with an increase in WC

grain size.

1.2 Experimental Work

Collection and cleaning of the conical picks were the pri-

mary task. After this, the appropriate sample preparation

was carried out. This was necessary for getting good re-

sults. For getting samples of required size, proper cutting of

tools was done through electric discharge machining

(EDM). The damaged picks and respective prepared sam-

ples used for the experiment are given in Figs. 2 and 3,

respectively. The deteriorated condition of each sample is

described in Table 1. All samples underwent FESEM and

EDS for detailed analysis of wear mechanisms. The FE-

SEM Supra 55 (Carl Zeiss, Germany) is attached with

Energy Dispersive Spectroscopy (Oxford Liquid Nitrogen

free SDD X MAX 50 EDS). As in case of our previous

study, the working conditions were the same for all conical

picks. The concerned mine in our study had G4-grade coal.

The rotation of the drum of miner and the tangential ve-

locity of bit were 54 rpm and 190 m/s, respectively. All the

tools were used at a time in a continuous miner machine for

coal excavation. In general, it can be assumed that the

environmental conditions for all the tools were the same.

There were many variations in the study of internal struc-

ture of the tools.

Observation of Wear Mechanisms: Through FESEM and

EDS, the following types of wear phenomena were

observed:

Fig. 10 a Damaged conical

pick and prepared sample ‘D’;

b long and deep crack on CC

surface with adhered coal/rock

particles (sample ‘D’)
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1. Cracking and crushing of WC grains

2. Cavity formation

3. Coal penetration

4. Corrosive degradation along with abrasion

5. Long and deep cracks

6. Heating effect

7. Body deformation

All the microscopic images are shown along with their

respective damaged conical picks and prepared samples.

The mechanisms behind each types of wear are discussed

one by one.

Cracking and Crushing of WC Grains: Being a super hard

alloy, tungsten carbide is extremely brittle in nature. Its

hardness roughly ranges from 700 to 2200 HV30. During

excavation process, it remains unaffected for a long time.

Minor cracks on the WC grains develop due to sudden

hitting of the coal/entrapped rocks. WC grains con-

tinuously come under heavy shocks caused by coal mass in

mines, resulting in the enlargement of the cracks. These

large cracks do not allow any individual WC grain to re-

main intact and maintain a sound structure for a long time.

A large number of cracks in the grains and repeated

impacts on them result in the crushing of those particular

grains. Figures 4 and 5 show the cracking and crushing of

WC grains in sample E and C, respectively.

Cavity Formation: The factors leading to this type of

wearing are the same as that of crushing. In fact, this

process could be described as a part of crushing itself. It

involves penetration of hard coal/rock particles into the

WC–Co structure. Hard and abrasive rock hits the cracked

WC grain and initiates a localized crushing process in an

individual WC grain. Due to continuous hitting, small

crushed parts come out of the WC grain, thereby creating a

little cave or hole in it (Fig. 6). The ductile nature of cobalt

binder allows easy penetration and cavity formation. This

cavity further provides a way for the coal particles to get

inside the grain and binder part for further degradation.

Cavity formation has been observed in sample ‘E’.

Coal Penetration: It is the most common cause of wearing

in coal excavation tools. Continuous hitting of tools on the

coal mass causes coal particles to get attached and en-

trenched into the microstructure of the tool material. In the

process, it reduces tool durability. The binder material, i.e.

cobalt content of the CC structure, is soft and ductile in

(a)

(b)
Element Weight% Atomic%

C K 9.88 27.90
O K 11.28 21.34
Si K 3.11 3.55
S K 21.51 20.31

Ca K 35.84 27.07
W M 18.38 3.03
Total 100.00

Where, C=carbon; O=oxygen; Si= 
silicon; S=sulphur; Ca=calcium; 
W=tungsten.
K and M are quantum shells. 

Fig. 11 a SEM image of a long

crack on CC; b EDS of a point

(spectrum 4) selected on a

intermixed material in crack
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nature. It allows easy penetration of hard coal/rock parti-

cles into it. This penetrated coals and rock materials get

mixed with the binder material and forms a complex

structure. The degraded cobalt content has very poor ca-

pability of binding the WC grains properly. The intermixed

coal materials (dark parts) are shown by white arrow marks

in Fig. 7. It has been observed at a comparatively low

magnification of 2.43 K 9 in sample ‘D’.

Corrosive Degradation Along with Abrasion: A clear view

of corrosive degradation has been reported at a magnifi-

cation of 22.539 in the sample ‘B’ (Fig. 8). Also, an en-

larged view of selected part of the image is shown in

Fig. 9. The decay in the WC grains sets in the form of

pores. The rubbing action between the tool tip and coal

mass initiates the process of abrasion. The inline pores

combine to form a small passage. With a higher magnifi-

cation of 46.64 K9, selected parts of same image have

been shown in Fig. 9. Yellow-coloured arrows indicate the

passage formation due to abrasion. Actually, the WC grains

are affected by chemicals or acidic environment. Corrosion

in the WC–Co structure leads to the formation of acid.

Generation of intense heat due to the impacts on the tool tip

and the presence of heavy humidity are the key factors

behind the corrosion process.

The binder content, i.e., cobalt is highly affected by cor-

rosion. Initially the binder part gets oxidized followed byWC

grains. It has been found that the corrosion rate increases with

an increase in the cobalt content (Brookes 1996). Generally

the cobalt shows less reactivity with water and oxygen. In

presence of the heat, Co oxidizes and forms Co3O4 and CoO.

Fig. 12 a Damage conical pick

and prepared sample ‘B’;

b melting of brazing part and

covering some part of CC

indicated by arrow (sample ‘B’)
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Both are known to be stable oxides of cobalt (King 1994).

The oxidation reactions are given below:

3Coþ 4O2 ! 2Co3O4 ð10Þ
2Coþ O2 ! 2CoO ð11Þ

WC is found to be more corrosion resistant than Co.

Hence, if the amount of W is reduced in CC, the process

of corrosion will aggravate. Also, if the carbon content is

low in WC, then the amount of W will increase propor-

tionally. It is responsible for the high corrosion resistance

of WC–Co hard alloy (Exner 1979). Voorhies (1972) has

explained the corrosion of tungsten carbide in a 2 N

H2SO4 solution. The oxidation reaction of WC has been

given by:

WCþ 5H2O ! WO3 þ CO2 þ 10Hþ þ 10e� ð12Þ

Long and Deep Cracks: This type of crack formation

can be observed over a comparatively larger area of CC

surface in sample ‘D’. It has a long and deep passage filled

with coal/rock materials. This phenomenon can be com-

pared with the pattern of reptile skins. Beste and Jacobson

(2008) have discussed about the reptile skin formation with

regard to rock drill buttons. They have explained it as a

‘shallow valley formation’ on the CC surface after drilling

of soft rock structure, such as, magnetite, chromite and

manganese.

Coal is also a soft material. A similar process can be

observed in the CC tip of the pick after coal cutting. As

observed in the present study, the difference in case of coal

cutting is that cracks on the CC have comparatively greater

depth, which gets filled up with coals (Fig. 10). This pro-

cess may cause further disintegration of the CC into a

number of parts.

In our study, materials concentration in the crack was

established by EDS. As shown in Fig. 11, the presence of

coal and rock materials (in weight% and atomic%) is

higher than that of tungsten (W) content. In the crack, a

total of five external elements, such as, carbon (C), oxygen

(O), silicon (Si), sulphur (S), and calcium (Ca) are present

in the amount (weight%) of 9.88, 11.28, 3.11, 21.51, and

35.84 %, respectively. Only C is the indication of the coal

material which is present comparatively in lower ratio. A

high amount of O, S and Ca indicates that the tool was

subjected to rock-rich area of the coal mass. A small

amount of W indicates that rock materials penetrated and

entered deeply into the crack. With the elements, letters ‘K’

Fig. 13 a A point spectrum 1

was selected on a brazing part;

b a point spectrum 2 was

selected on a WC grain; c a

point spectrum 3 was selected

on a different location of

brazing
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and ‘M’ denote the quantum shells. These letters are con-

sidered in EDS spectra as a function of position in the

energy range.

Heating Effect: The overall effect of heat on the tools is

manifested in the form of softening of tool materials,

scratch formation and flow of tool materials. In the sample

‘B’, the softening of brazing material and their flowing

towards the hard structure have been observed (Fig. 12).

Brazing is a metal joining process in which the joint is

filled by brazing material. The melting point of brazing

material is very low as compared to WC–Co. According to

Aylward and Friendly (1994), the melting point of pure

WC and pure Co are 2870 and 1495 �C, respectively.

Tungsten carbide has a very low linear expansion coeffi-

cient. It has heat capacity of around 150–350 J/kg �C.
Obviously the conical picks in a continuous miner machine

do not reach such high temperature because at a certain

period, every pick lies idle and comes into contact with

atmospheric air. In the process, the picks cool down. Also,

a large temperature variation can be observed in the picks.

The melting point of brazing is above 450 �C. By ob-

serving the SEM image (Fig. 12), it can be confirmed that

the temperature rises in the range of [450 �C. At this

temperature, the brazing material melts and can flow easily.

Indeed, the rise in temperature leads to the reduction in

hardness and some plastic deformation in the WC–Co

structure. Sometimes in presence of high heat, brazing

melts and looses the bond between the steel and the CC.

The process may even lead to the dislocation of the tip

when the tool is subject to heavy shocks.

EDS has been used to establish the fact that the flowed

material on the hard surface is filler material or brazing

material. The intermixing of coal and rock particles has also

been ascertained by the EDS analysis. A comparative

assessment of three points in the same image has been done

to check the concentration (Wt% and At%) of intermixed

material at particular points. All the points, namely, spec-

trum 1, spectrum 2 and spectrum 3 are shown in Fig. 13a–c.

(a)
Element Weight% Atomic%

C K 10.00 30.88
O K 8.89 20.62

Mn L 6.40 4.32
Fe L 7.16 4.75
Cu L 67.55 39.43
Total 100.00

Where, C=carbon; O=oxygen; 
Mn=manganese; Fe=iron; Cu=copper.
K and L are quantum shells.

(b)

Element Weight% Atomic%
C K 15.31 59.68
O K 7.02 20.54
W M 77.67 19.78
Total 100.00

Where, C=carbon; O=oxygen; 
W=tungsten.
K and M are quantum shells

(c)
Element Weight% Atomic%

C K 17.78 35.98
O K 27.54 41.84
Si K 0.83 0.72
Fe L 16.90 7.35
Co L 9.12 3.76
Zn L 27.83 10.35
Total 100.00

Where, C=carbon; O=oxygen; 
Si=silicon; Fe=iron; Co=cobalt; 
Zn=zinc. K & L= quantum shells. 

Fig. 14 EDS of the points

selected in Fig. 13; a EDS of

spectrum 1; b EDS of spectrum

2; c EDS of spectrum 3
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The first and the third points have been selected on two

different parts of flowed material whereas the second point

is on a WC grain. The EDS of all the selected points are

shown in Fig. 14a–c. On the basis of the EDS of spectrum 1

(Fig. 14a), the highest amount of element has been found to

be copper (67.55 wt%) which indicates the presence of

copper-based brazing material. As the tool has been used to

cut coals in mine, carbon is also significantly available

along with Cu. The weight% of C is 10.00. The presence of

other elements, such as, O, and Fe indicates the intermixing

of rock materials with the soft and hot brazing part. Man-

ganese (Mn) is also present in a small amount of 6.40 wt%.

It is generally found in combination with Fe. It can be

concluded that the coal mine under study has a little amount

of other minerals like Mn along with the rock materials.

Figure 14b is showing the EDS of spectrum 2. Mainly

two elements, such as, W (77.67 wt%) and C (15.31 wt%),

which are the main constituents of tungsten carbide, have

been observed. A small amount of oxygen (in 7.02 wt%) is

also present. It shows the degradation of CC surface due to

external elements.

As shown in Fig. 14c, the EDS of spectrum 3 is different

from that of point 1. Unlike spectrum 1, two new elements,

namely, Zn (27.83 wt%) and Co (9.12 wt%), have been

found in the brazing material part. Zn is one of the basic

constituents of brazing material. Cobalt (Co) is also

Fig. 15 a damaged conical pick

and prepared sample ‘C’;

b Cracks on the tool body

(sample ‘C’); white arrow mark

shows filled coal/rock materials

into cracks
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available in the weight percentage of 9.12. It indicates that

little amount of the binder content get soften and melted

along with the brazing material. Carbon, oxygen and iron

are also present significantly with the weight percentage of

17.78, 27.54 and 16.90, respectively. Another material,

Silicon (Si), is available in a very small amount of

0.83 wt%. Except iron (Fe), all the external elements are

same as in case of spectrum 1. Iron is also one of the

constituent materials of rock. Intermixing of coal/rock with

the tool materials causes the formation of complex struc-

ture which is entirely degraded.

After finding the Zn and Cu in the flowed material, it can

be concluded that Cu–Zn-based brazing material has been

used for joining the CC tip in the tool body.

Body Deformation: In Fig. 3, the deformation in the phy-

sical appearance of the tool body can be seen in selected

samples. Body tear and tool shape variations are the gen-

eral observations, which can be detected by naked eyes.

Steel body deformation can be observed mainly in the

sample ‘A’ and sample ‘C’. Scratches, cracks, coal

penetration, plastic deformation and material overlapping

have been observed in the samples through SEM images.

Severe cracks along with the penetration of coal/rock ma-

terial have been reported in sample ‘C’ at a lower magni-

fication of 7009 (Fig. 15). The steel body is relatively soft

and theoretically it is assumed that it will not come into

contact with coal/rock during excavation. Due to uneven

structure of the coal mass, some parts of the body get

Fig. 16 a Damaged conical

pick and prepared sample ‘A’;

b deformation of the tool body

(sample ‘A’); white arrow is

indicating the scratches;

rounded rectangle part is

showing the material

overlapping in the influence of

heat during cutting

240 S. Dewangan, S. Chattopadhyaya

123



deformed. It also happens due to the removal of the CC tip.

In the absence of the CC tip, the tool body bears the overall

impact and gets deformed. Scratch formation and plastic

deformation can be observed in the sample ‘A’. The tools

undergo a large temperature variation during cutting.

Softening of tool material is resulted by generation of high

heat. Meanwhile, the tools come into contact with some

hard particles and get scratches, which further leads to

plastic deformation. Overlapping of tool materials has been

observed in sample ‘A’, which is caused by plastic defor-

mation. All types of wearing mechanisms have been indi-

cated in Fig. 16. Material overlapping also indicates

softening of the tool body due to high heat during

excavation.

2 Conclusion

The current study is an extension of the previous work

done by the same authors. An attempt has been made to

show the process of wearing in the CC tip and the steel

body of the conical picks used in coal mining. Five dif-

ferent worn out conical picks were examined. Of these

samples, two, i.e. ‘sample B’ and sample ‘D’, were taken

from the previous investigation for finding out the extent of

wearing. A total of seven types of wearing process were

reported. They are: (a) cracking and crushing of WC

grains, (b) cavity formation, (c) coal penetration, (d) cor-

rosive degradation along with abrasion, (e) long and deep

cracks, (e) heating effect and (f) body deformation.

Being extremely hard material, CC is very brittle. After

being subject to repeated impact, it begins to crack. Pro-

longed impacts over a large area of the cracked CC result

in the crushing of the WC grains. This phenomenon leads

to the displacement of the crushed parts, creating a cave-

like void there. Coal penetration can be treated as the most

common manifestation of the wear mechanism in any coal

cutting equipment. Coal particle penetration or entrench-

ment can be found in the binder part and also in the cracks

of WC grains. Binder part degradation occurs because of

the formation of a complex structure due to the mixing of

cobalt, coal and rock materials in the presence of heat and

water. Wearing in the form of corrosive degradation can be

observed clearly in the WC grains. This is caused by

chemical formation. Available literature proves that the

high amount of cobalt (or low amount of WC) is the cause

of high degree of corrosion in WC–Co. A long and deep

crack formation can also be observed in the CC surface.

Such cracks are filled with coal and rock materials. These

types of cracks may become responsible for the disinte-

gration of CC parts. Most importantly, the heat effect on

the conical picks can be observed through the microstruc-

ture of their materials. Picks undergo a high temperature

variation during coal cutting by a continuous miner ma-

chine. Although it is difficult to measure the exact level of

heat generated, an indication could be found in the course

of this study. The melting and flowing of brazing (copper–

zinc based) over the CC part proves that the temperature

might be raised to more than 450 �C. The EDS has

established the presence of Cu, Zn, coal/rock materials and

cobalt in the melted portion.

From the present study, one could conclude that the

wear mechanisms of the coal cutting tools cannot be

categorized under one single domain. It depends upon a

careful investigation and the skill of researcher to find out

further details and to characterize them properly. This

ongoing exercise is important to develop better quality of

products, which could resist the deformation of the con-

stituent materials under various working conditions.
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