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Preface (på Swedish) 

– Det låter svårt, brukar folk säga med bruten min, när man lite motvilligt 
svarat på frågan så vad jobbar du med då? Tjejer mer än killar. Det är lite 
svårare när man ska berätta varför man jobbar med det man gör. Kanske är 
förklaringen en bakgrund som liknar upplevelserna som professor Oliver 
Sacks skriver om i boken ”Morbror volfram”:  

Många av mina barndomsminnen handlar om metaller; redan från 
första början tycks dessa ha utövat en speciell makt över mig. De 
stack på ett iögonenfallande sätt av mot den övriga världens 
likformighet, genom sin skinande och skimrande beskaffenhet, sin 
silverglänsande prägel, sin släthet och sin vikt. De verkade kalla 
när man rörde vid dem, och de klingade när man slog på dem. 
Morbror Dave älskade tätheten hos den volfram han framställde, 
liksom dess motspänstighet och stora kemiska stabilitet. Han 
älskade att handskas med den – både som tråd och som stoft, men 
framförallt i form av massiva små stänger och tackor. Han smekte 
dem och vägde dem i sina händer. ”Det finns ingenting i hela 
världen som känns som sammanpressad volfram. Det finns 
ingenting som går upp mot ljudet av volfram”, brukade morbror 
Dave säga. 

Men jag vet inte om jag kom i kontakt med så mycket material när jag var 
barn. Och att jag skulle pyssla så mycket med just hårdmetall (volframkarbid 
+ kobolt) för bergborrning, det visste jag ju inte. Kanske är jag bara nyfiken 
av och på min natur och blir ännu mer intresserad av något som jag fått hålla 
på med ett längre tag? ”Forskare” låter bättre än doktorand. Att hitta svaret 
på frågan ”varför” känns faktiskt roligt och spännande. Tribologi är lite mer, 
lite som att kika bakom hörnet efter att ha fått påståendet ”den här håller 
bättre, tack vare ökad hållfasthet” kastat i ansiktet från en reklammakare. 
Pretentiöst? Jovisst. Absolut. Men sån är forskaren. 



Men egentligen är det ju ganska enkelt med tribologi. Att försöka hitta ett 
materials svaga punkt. Har ni tänkt på varför det alltid är handtagen och 
låsen som är trasiga på offentliga toaletter? Jo, för det är just dessa som
används mest. Och de har gärna någon liten sprint som är under-
dimensionerad, trots att den är gjord av stål. Och denna lilla sprint pajar
därför att den plasticeras (kvarstående formförändring) därför att materialet
är för mjukt. Stål är för mjukt.

Ja, stål är mjukt i alla fall om man jämför med hårdmetall. Hårdmetall är
stenhårt, eller faktiskt ännu hårdare än sten! Det är lite coolt att det är så. Det
finns i allmänhet en massa coola saker med berg, bergborrning, sten och
hårdmetall. Hela gruvområdet är fullt av en massa manliga, grova, tunga
grejer. Jag sitter här med en läskedryck som heter ”Mountain blast”, som
ingår i ”Liquid system”, tyvärr endast med smak av bär.

Om ni ska lära er något av den här avhandlingen så är det att så fort någon 
klämmer ur sig balla uttryck såsom ”Hard Rock Café”, ”Rock hard” eller 
”Stentungt”, så ska ni tänka att det finns hårdmetall som enkelt (nåja)
spräcker berg. Säg gärna nåt om ”fast det vet ju alla, att berg uppvisar 
väldigt lite plastiska egenskaper och må därför endast spräckas”, så låter ni
initierade också. 

Det finns en del musik som handlar om berg, men det blir oftast “I’m
gonna move any mountain for you”, och det sjungs inget om att snubben
tänker flytta berget i smådelar. Eller vad tycker vi om hela musikgenren hard
rock, eller death metal. Haha, dödsmetall, menar ni då Beryllium eller 
Kvicksilver? Diamant är också väl omsjunget, och närbesläktat med berg. 
Asförbannat hårt förvisso, men man spräcker det väldigt lätt. Tänk på att 
man gör pressningsverktyg för diamant av hårdmetall!

Ja, nu är det slut på försvarstalet om varför jag doktorerat i tribologi och 
materialvetenskap. Kanske gjorde jag det bara för att kunna svara ”jag är
doktor”, när dom frågar efter en i högtalarna på flyget? Annars vill jag bara 
sammanfatta mina senaste 5 år med orden ”det är bara härligt”. Nu ska jag 
vidare…någonstans. Fungerar tåget, eller är det något materialfel på 
hjulaxeln?

Everybody knows,
rhythm and water flows,

drums are dangerous

Sten Ulrik Beste 
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1. Introduction 

1.1 Background 
This doctoral thesis discusses the wear and deterioration of WC/Co 
cemented carbide (in this thesis denoted CC) rock drill buttons related to the 
properties of the rock. This wear has several similarities to that in hot rolling, 
rock cutters and rotary crushing drilling. The thesis refers to the work 
performed during the past five years, in collaboration with Sandvik Rock 
Tools and Sandvik Hard Materials. To facilitate evaluation of the 
contributions of the present author, references to his own work are given 
with Roman numbers [I], while other references are given with numerals [1].  

1.2 Rock drill history 
In the early years of industrial mining, the methods to extract minerals were 
very primitive. A harder rock was often used to crack a softer, while the 
most common method was to light a large fire and then make a fast water-
cooling. This procedure utilized the low thermo crack resistance and 
anisotropy of rock and was rather effective. However, the method was 
expensive and ruined the surrounding forests.

In the beginning of the century, powder blowing became commonly used. 
In 1870, the dynamite was invented, which made the ability to drill the rock 
highly important. The drill holes were filled with dynamite and remotely 
ignited. The largest steps in machine development were taken in 1960, when 
the electro-hydraulic drill machines replaced the pneumatic [1].

The first rock drills were made of steel, later on replaced by hardened 
steel [2]. The first patent for CC is from 1923 in Germany, where Matieu 
had discovered very special properties of a cobalt-tungsten carbide powder 
mix, which he had sintered. The Krupp Company bought the patent and 
introduced it as a metal cutting tool material 1926 [3]. During the 1930: s, 
the Swedish company Sandvikens Jernverks Aktiebolag started CC or hard
metal research to develop a new material for rock drills and cutting tools [4].
When the steel drills were developed, the drill speed limitations were set by 
the power of the drill machines. This situation has reversed today when the 



drill material is the weakest link and the machines are very powerful.
Despite development of new materials, the tools cannot always cope with the 
escalating demands [5].

Today, the typical rock drill is a steel cylinder equipped with CC teeth.
This cylinder is mounted on a steel rod or on a roller, as seen in Fig. 1. The 
steel cylinder equipped with CC teeth, is normally called a drill bit or a drill
crown. The roller bit is a cylinder with the CC teeth on the mantle. The 
crown designs and sizes are adapted to numerous applications, see Fig. 1.
The drill face is the part of the drill bit or drill crown where the CC teeth are
situated. The CC teeth are called buttons or inserts, depending on use and 
geometry. A spherical or ballistic tooth is normally called a button, which is 
the name used in this thesis.

a)                                 b) 
Figure 1. a) Examples of modern CC tipped rock drill crowns. b) A large tunnel drill 
with CC tipped rollers (Courtesy of Sandvik).
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2. Rock drilling 

To understand the complex wear mechanisms obtained in rock drilling, it is 
important to be familiar with the different techniques. This chapter gives 
some background to rock drilling, and the different ways to treat rock. 

2.1 General rock drilling 
Rock may be treated by numerous operations: it can be drilled, cut, crushed, 
milled, ground and polished. In all these treatments, the material removal is 
obtained mainly by brittle fracturing of the rock, since rock allows only very 
little plastically deformation. To reduce the energy consumption in drilling, 
the intention is to crack the rock as little as possible, thus producing large 
fragments. Despite this intention, a rock drill machine usually expends about 
50 times as much energy as the true rock cracking energy. The rock cracking 
properties depends on the type of rock, its composition and grain size, which 
may vary largely. The rock drilling methods are divided into three families: 
rotary-percussive, rotary crushing and cutting, as further discussed below.  

2.2 Rotary - percussive drilling 
A rotary percussive drill breaks the rock with repeated impacts and uses a 
rotation to let the buttons impact on new positions each time. The rock is 
broken and crushed, and flushed out from the hole by high pressure cooling 
water in underground mining, since the presence of water is large. In open 
cut mining, the cooling and removal of crushed rock normally is done by 
pressurized air, see Fig. 2 and Fig. 3. Rotary-percussive drilling is used in all 
rock types although it fits hard and tough types, such as quartzite and 
granite.



Figure 2. Rotary-percussive drilling in quartzitic granite in an open cut mine in
Karlshamn, Sweden. The rock boring machine is driven by a diesel engine, which
give hydraulic pressure to the rotations and percussions, and air pressure to the
removal of crushed rock. 

a)          b) 
Figure 3. a) A new drill bit is mounted on the drill rod. b) A drill bit of the same
type is seen worn after drilling approximately a hundred meter and several reshape 
procedures. This is also from the quartzitic granite drilling in Karlshamn, Sweden.

A rotary-percussive rock drill experiences very tough conditions. It typically
hits the rock 50 times per second using a hydraulic pressure of about 20 MPa 
and a feed pressure of about 10 MPa, while rotating at 75-200 revolutions 
per minute. It is hard to measure the actual load that a drill crown 
experiences, but a common estimation is about 2 kN, which is 2000 N per 
button on an ordinary 10 button equipped crown.

14



The geometry of the drill is adapted to the type of rock to be drilled. The 
drill front can be a flat face or a drop face and the CC buttons can have 
different geometries such as spherical or ballistic, shown in Fig. 4.

 a)                    b) 
Figure 4.  Two unused typical percussive rock drill faces about 5 cm in diameter.
a) A drop face with spherical buttons suitable for drilling in hard rock types, which 
demand extreme toughness and wear resistance. The drop centre face is developed to 
obtain straight holes in rock types that usually wear a flat-face crown to a dome
shape.
b) A normal flat-face drill with sharp ballistic buttons. This drill front is more
aggressive and can provide a faster penetration in medium hard and moderately
abrasive rock types. (Courtesy of Sandvik)

2.3 Rotary crushing drilling 
Rotary crushing drilling is performed with a steel roller equipped with CC 
buttons that are pressed and rotated against the rock surface. A roller bit is 
exposed to extreme conditions and is used when the rock is rather soft. An 
example of a large tunnel-drill with roller bits can be seen in Fig. 1b. Roller
bits are also used in “tri cone bits” for blast holes, as shown in Fig. 5a. The
tri cone bit design gives the CC buttons a scraping function by which the
rock is broken both by brittle fracture from the loading, and abrasion. A 
modern method to drill large holes is to use reaming heads in “raise
drilling”, see Fig. 5b. The reaming head has several rollers with CC buttons,
which are rolled against the rock surface and causing it to crush. The raise
bore drilling is preceded by drilling a smaller hole in which a drill piston is
placed. The drill piston rotates and pulls the reaming head upwards, giving
well-controlled hole geometry.

15



a)                                   b)               c) 
Figure 5.
a) Example of a 2 dm large tri cone bit for rotary crushing drilling in rather soft rock
    types. The CC buttons attack the rock with both a crushing and a scraping action.
b) A several meters wide reaming head for a raise drilling system. The reaming head
    uses rotary crushing drilling and provides large holes (up to 6 meters in diameter)
    with smooth and stable walls.
c) A 20 cm small cutter tip. (Courtesy of Sandvik)

2.4 Cutting 
Rock cutters (see Fig. 5c) are used to cut rather soft and non-abrasive rock, 
such as coal, salt and concrete. The tools exhibit extreme temperature
fluctuations, since each cut through the rock is followed by a free turn in air.
In present day tunnel engineering, which often involves subways and sewers, 
it is advantageous to cut the rock with rotary cutters, instead of drilling and 
blasting. Vibrations and risks for unwanted blowing are then reduced.

16



3. Rock properties and characteristics 

The wear of cemented carbide rock drills is highly dependent on the counter 
face – the rock. The following chapter gives a summary of the most common
minerals and rock types that constitute the earth’s crust. In addition, some
micro scale mechanical properties are given for a number of rock types. The
friction behaviour is thoroughly investigated in micro and macro scale, at
different temperatures, dry and in water. Finally, the drill rate index (DRI) is 
given for a number of rock types, to highlight the differences.

3.1 Basic mineral groups 
The solid earth’s crust is formed by a large number of minerals. A minority
of these minerals constitute the major part of the rock types. As much as 77
wt% of the earth’s crust consists of oxygen and silicon in different 
compositions. The elements aluminium, iron, calcium, sodium, potassium
and magnesium follow in order [6]. These elements form the most common
minerals, shown in table 1. 

Table 1. The most common mineral groups and their composition elements, [6], [7].
Basic mineral group Main constituent elements 

Quartz
2SiO

Potassium Feldspar (K-feldspar) K, Al, Si, O 
Plagioclase Na, Ca, Al, Si, O 
Mica K, Mg, Fe, Al, Si, O, H 
Hornblende Ca, Mg, Fe, Al, Si, O, H 
Pyroxene Mg, Fe, Si, O +/- Al, Ca 
Olivine Mg, Fe, Si, O 
Carbonate Ca, Mg, C, O 
Oxide and hydroxide Metals + O +/- O2H
Sulphides Metals + S 
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3.1.1 Quartz 
Owing to the rich supply of oxygen and silicon, quartz has become the most
common single mineral in the earth’s crust. The sedimentary rock type
formed by deposited quartz grains cemented together by silicon is called 
quartzitic sandstone. If the sandstone has been transformed by heat and 
pressure to a metamorphous, it is transformed into quartzite [7].

3.1.2 Feldspar 

18

4
4SiO

Feldspar is the most important group of minerals, constituting about 60 % of 
the earth’s crust and frequently occurring in the rock types granite and 
gneiss. The group includes many different silicate compounds, composed of 
the elements K, Na, Ca and Si. Silicates are compounds consisting of

-ions with a tetrahedral crystal structure [8].
The feldspars often form solid solutions with each other. Such solutions 

between the sodium feldspar albite ( ) (the white grains in 
Uppsala granite) and calcium feldspar anothite (CaAl ) form the 
group plagioclase, while the potassium feldspar microcline ( ) (the 
pink grains in granite) and albite ( ), form the group alkali 
feldspar [9]. The most common feldspars are listed in table 2.

83ONaAlSi

83ONaAlSi

822 OSi

83OKAlSi

Table 2. The four most common feldspar types, [7], [9].

Colour Composition Crystal system

Albite White to grey 83ONaAlSi Triclinic

Oligoclase White to grey 83ONaAlSi
822 OSiCaAlto

Triclinic

Microcline Light turquoise
to white

83OKAlSi TriclinicFe
ld

sp
ar

Orthoclase White to pink 83OKAlSi Monoclinic

3.1.3 Mica 
Another very common mineral group is mica, which is a silicate base with
Al and Mg and/or Fe. The two most common mica minerals are listed in
table 3.



Table 3. The two most common mica minerals [7].

Colour Composition Crystal
system

Muscovite Transparent
to brown 

21032 )()( OHOAlSiKal Monoclinic

M
ic

a

Biotite Black
21032 )()(),( OHOAlSiMgFeK Monoclinic

3.1.4 Hornblende 
Hornblende is a large mineral group in the amphibole group, which is rather 
indefinite. The hornblende mineral can consist of many elements. However, 
the most common ones are silicates including the elements seen in table 1 
[10].

3.1.5 Pyroxenes 
The Pyroxenes make out a very common mineral group, related to the 
amphiboles. Pyroxenes are silicates of Mg, Fe, Ca and Mn, often combined
with other minerals. If Ca and Mn are not present, the type is called Olivine. 
Olivine is the most important mineral in the mantle of the earth due to its
high-pressure properties [10].

3.1.6. Carbonates, Oxides and Hydroxides
Carbonates are salts of carbonic acid [11]. Two important carbonates are 
presented in table 4, in which important oxides, hydroxides and sulphides
also are presented. An oxide mineral is a metal that has oxidized; examples
are corundum, sapphire or ruby, the important iron oxides hematite,
magnetite and the titanium oxide rutile. The most important hydroxide is
bauxite, from which aluminium metal is extracted [12].
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Table 4. Common non-silicate minerals: carbonates, oxides, and one hydroxide [7]. 
Mineral
name

Mineral
group

Colour Composition Crystal
system

Dolomite Carbonate White or
red/brown

23 )(COCaMg
33 MgCOCaCO
 to Hexagonal

Calcite Carbonate White or
transparent

3CaCO Hexagonal

Corundum Oxide Vary 3O2Al Hexagonal
Hematite Oxide Grey, black 3O2Fe Hexagonal
Magnetite Oxide Grey, black 42OFe 43O to Fe Cubic

Rutile Oxide Red/brown 2TiO Tetragonal
Bauxite Hydroxide Red, yellow,

white
OHO 232 2Al Amorphous

3.2 Formation of rock 

Depending on how they once formed, the rock types are divided into
sedimentary, igneous and metamorphous rock. The grain sizes and macro
crystal structure vary widely. From dense (afanitic or very fine grained)
types, with grain sizes in the µm range to granular with grain sizes from 0.5 
mm up to 5 mm [7]. However, the grain sizes can reach extreme values up to 
decimetre scale such as in the rock type pegmatite. The earth’s crust is made
up of 95 % igneous rock, 5 % sedimentary rocks and an insignificant
proportion of metamorphic rock. However, mining is normally performed
only within the first 5 km in the surface on the crust, where the rock
primarily is sedimentary or metamorphosed [13].

The sedimentary rock types were formed by sedimentation and 
lithification of fragments from older eroded rocks. They consist of pebble-
stone, sand, angular fragments, broken shells or rounded mineral grains such 
as clay. The sedimentary rock types are often formed in layers or very fine 
grains, in which fossils also can be found [7]. However, the most important
sedimentary rocks are arenaceous (sand), argillaceous (clay) and calcareous 
(limestone) [13].

The igneous rock types are divided into volcanic, hypabyssal and abyssal
rock. These are all formed from magma that solidify as a result of cooling
and/or pressure changes, normally when rising up to the surface. [6]
Hypabyssal, rock such as diabase, is a mix of magma that has penetrated an
already solidified surface. The grain sizes depend on where the solidification 
takes place. If it takes place deep down in earth’s crust (abyssal), the grains 
become coarse. This leads to large space between crystals where volatile 
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substances can stratify. Granite is such an abyssal, coarse-grained rock type, 
which contains large amounts of water. If the solidification takes place 
closer to the surface, the grain size becomes fine and the mineral will not 
contain any water, like pumice and basalt [6, 14]. Igneous rocks are also 
subdivided by composition into acidic, intermediate, basic (mafic) and 
ultrabasic (ultramafic) rocks depending on the amount of silica in the 
composition. Acidic rocks contain over 66 % silica and ultra basic lower 
than 45 % [13].    

Metamorphous rocks are sedimentary or igneous rock types (or also 
metamorphous), which have been transformed by heat (200 ˚C – 800 ˚C),
pressure or chemical environment. The appearance of these rock types 
depends on the initial rock type and of the heat and pressure levels. 
Examples include marble that is formed from limestone at great depths and 
quartzite that is formed from sandstone in the same way. Sometimes the 
metamorphosis is so strong that a new mineral is formed, such as andalusite 
and garnet [7].

3.3 Some common multi-mineral rock types 

Rock is a wide term that covers everything from single minerals and 
compositions to multi-minerals with different grain sizes. In geology, the 
rock types are normally characterised and named after its origin. 

Granite is an acidic, igneous, abyssal rock type, which constitute the 
bedrock in a large part of Sweden. This coarse-grained rock type consists 
mainly of feldspars and quartzite, and secondarily of mica, hornblende or 
pyroxene. Gneiss is very similar to granite, but with the grains arranged in 
layers. Leptite is an acidic, fine-grained metamorphous igneous rock type 
that consists mainly of quartz grains and feldspars. Granulite has a similar 
composition, but with a larger grain size. Diabase is a common, black 
coloured, hypabyssal, igneous rock type, formed of plagioclase and 
pyroxenes. Another common rock type is the lamellar mica schist, which is a 
metamorphous, crystalline rock type consisting of mica, quartzite and 
sometimes fractions of other minerals [7].

3.4 Hardness and mechanical properties of rock 

To facilitate efficient mining and rock treatment, it is necessary to 
characterise the mechanical properties of the rock. This is done in a number 
of ways, often specific to a single application or a single rock type. The 
present report concentrates on different aspects of the hardness, as measured 
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by different techniques. The hardness has a direct influence on the wear of 
the rock tools. However, it is often measured at very high loads and thus in 
large volumes, which may not be relevant since the rock tool always wear on 
a micro scale. 

3.4.1 Moh’s hardness scale 
Rock hardness is often given by the Moh’s scale given in table 5, which is a 
very simple and old test method based on the principle “harder mineral 
scratches softer”. For example, diamond has the Mohs hardness 10, since it 
is impossible to scratch with any other mineral. The softest mineral French 
chalk, with a Mohs value 1, can be crushed by a nail [7].

Table 5. Hardness of minerals according to Moh. 

Mineral
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Mohs hardness 10 9 8 7 6 5 4 3 2 1

3.4.2 Micro scale hardness of rock [I] 
In mining sciences, rocks are characterized in many different ways, often 
with a typical application such as rock drilling or crushing in mind. 
However, in the following section which is fully referring to paper D, the 
hardness measured at very low loads is investigated, giving new information 
about the rock types.  

The micro hardness of the rock types given in table 6 was measured in 
two ways. A fixed depth hardness was measured in a matrix of 480 indents 
with a Nanoindenter XP set to 1 µm indentation depth. It was compared with 
a low load hardness value based on ten 500 g indentations (about 800 µm 
depth, depending on the actual hardness). Two types of magnetite were 
included in the investigation, the first known to cause only weak reptile skin 
formation on CC buttons, and the second to cause severe reptile skin 
formation. The deterioration mechanism reptile skin is thoroughly explained 
in 5.7. This latter magnetite type (ERS-magnetite as in Extra Reptile Skin)
has coarser grain size but is very brittle. The other rock types in this 
investigation do not cause any reptile skin formation.  

The results presented in table 6, show that the low load hardness was 
considerably lower than the fixed depth hardness for all minerals.  
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Table 6. Average macro hardness and micro hardness values for nine rock types [I]. 
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Fixed depth hardness 
[HV] 

195 495 410 555 790 800 790 1010 1220

Low load hardness [HV] 120 310 360 410 355 695 570 660 815

Low load / Fixed depth 0.61 0.63 0.87 0.74 0.45 0.87 0.72 0.65 0.67

This unorthodox approach to measure rock hardness in a large matrix of 
small indents revealed some interesting facts. If all hardness values are 
presented in a histogram, it becomes obvious that the mean value is not a 
very complete measure of the actual hardness. As an example, the hematite 
showed an average low load hardness of 410 HV and a fixed depth hardness
of 555 HV, see Fig 6a. The hardness histogram reveals however local 
hardness variations covering the full interval from close to zero up to 1500 
HV. ERS-magnetite showed a more narrow hardness distribution 
concentrated around 400 HV, see Fig. 6b.
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Figure 6. Hardness distribution for a) Hematite and b) ERS-Magnetite. The average
low load hardness is denoted with a coarse dotted line and the average fixed depth
hardness with a fine dotted line.

0

50

100

150

200

250

300

0-
19

9
20

0-
39

9

40
0-

59
9

60
0-

79
9

80
0-

99
9

10
00

-1
19

9

12
00

-1
39

9
14

00
-1

59
9

16
00

-1
79

9
18

00
-2

00
0

Hardness interval [HV]

N
um

be
r 

of
 in

de
nt

s

0

50

100

150

200

250

300

0-
19

9
20

0-
39

9
40

0-
59

9

60
0-

79
9

80
0-

99
9

10
00

-1
19

9
12

00
-1

39
9

14
00

-1
59

9
16

00
-1

79
9

18
00

-2
00

0

Hardness interval [HV]

N
um

be
r 

of
 in

de
nt

s

a) b)
Figure 7. Hardness distribution for a) Granite and b) Mica schist. The average low 
load hardness is denoted with a coarse dotted line and the average fixed depth
hardness with a fine dotted line.

The coarse-grained granite exhibits a very narrow hardness profile, see Fig. 
7a. The mica schist is another example of a rock type that contains many
different minerals, and shows a wide and uneven hardness spectrum, as seen 
in Fig. 7b.

The results show that a rock type normally considerer soft can contain 
particles fully capable of abrading cemented carbides. It is also shown that 
the average values of the fixed depth hardness in the same scale of the rock
drill wear, always are higher than the low load hardness values.
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3.4.3 Micro friction of rock and their abrasive wear of CC [II] 
To illuminate the important correlation between macro and micro properties, 
a scratch test on rock types was performed, where wear mechanisms and 
corresponding friction values were investigated. This section show how a 
rock type considered “hard”, “abrasive” or “soft” appear when exposed to 
micro scale scratching.  

The rock types tested were the same as in 3.4.2. They were ground with 
1000 grit paper and then scratched with a 10 m radius conic CC tip, with 
90  top angle. The load was linearly increased from 0 to 20 N and the 
transition load where the scratch mechanism switched from mild to severe 
was registered. In the mild response, only minor changes on the rock surface 
were observed. The mild scratching is divided into burnishing and in-track 
cracking. The severe scratching is divided into plastic ploughing and out-of-
track cracking. 

The results showed that the transition load was related to the hardness – 
the softest mineral also showed the lowest transition load and the hardest the 
highest, as presented in table 7. However, it was impossible to determine an 
exact transition load since the minerals showed too much anisotropy. It is 
interesting to note that quartz did not obtain high region wear for any of the 
loads used. The friction in out-of-track cracking is in some way a measure of 
necessary energy for fracturing the rock. The typical friction values at low 
region wear varied between 0.25 and 0.40 for all rock types. 

Table 7. The scratch tested rock types, their friction coefficient at mild and severe 
scratch response and the corresponding transition load [II].

Rock type 
µ in mild response at 
10 N 

µ in severe 
response

Transition
load (N) 

Calcite 0.20 – 0.27 0.6 – 0.9 ~ 4 – 10 
Magnetite 0.35 – 0.42 0.4 – 0.9 ~ 7 – 10 
ERS-Magnetite 0.20 – 0.30 0.4 – 1.0 ~ 8 – 10 
Hematite 0.15 – 0.25 0.3 – 0.6 ~ 14 – 15 
Mica schist 0.40 – 0.50 0.4 – 1.0 ~ 6 – 10 
Granite 0.25 – 0.40 0.4 – 1.3 ~ 10 - >20 
Leptite / Granulite 0.40 – 0.45 0.4 – 0.7 ~ 10 – 13 
Sandstone 0.25 – 0.40 0.4 – 1.1 ~ 10 – 13 
Quartz 0.27 – 0.33 Never occurred > 20 

Quartz grains in sandstone had different friction coefficients, as showed in 
Fig. 8, where the scratch was conducted using a constant load. The friction 
increases when a grain is cracked and the tip meets a grain border.  
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Figure 8. Scratch track and corresponding friction values of sandstone at a constant
normal load of 10 N. The friction rises a grain is cracked and the tip meets the 
border. Also, different grains have different steady friction values (SEM).

The mechanisms for the severe scratch response were similar in the different
rock types. Figure 9 shows the severe response of calcite, which was the 
mineral with the lowest transition load, around 4 N, with plastic 
deformation, crack formation confined in the scratch path. 

Figure 9. Severe scratch response of calcite at 6 N. Note the pile-up lines parallel to
the scratch direction (SEM).

In magnetite, a very interesting phenomenon was observed. When scratching 
at the transition load, the stresses in the material build up and relax regularly,
resulting in the wavy scratch track Fig. 10 with chipping also outside the
scratch path. This behaviour was only observed in the magnetite.
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Figure 10. Stress build-up and relaxation    Figure 11. A complex wear behaviour in
in magnetite at the transition load 10 N       granite. Coarse grains of many different
give the scratch a repetitive pattern.             kinds leads to severe out-of-track
                                                                      cracking.
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Figure 12. Typical in-track cracking for Figure 13. In-track cracking for quartz at 
leptite at 13 N.                                              10 N. Quartz never suffered from severe
                                                                      scratch response.

In coarse-grained multi-mineral rock types such as granite, the wear and 
friction is very unpredictable. The grains can crack, become totally removed
or plastically deform, see Fig. 11. Leptite is an example of a fine-grained
rock type with relatively high hardness, see Fig. 12. Finally, quartz showed
the best scratch resistance, with a mild cracking confined within the scratch 
track, also at the high loads, see Fig. 12.

In combination with the scratch response tests, the wear rate of the 
cemented carbide tip was measured after scratching the different rock types.
The wear rate was measured on individual fresh CC tips for all rock types at
14 N normal load (enough to give severe response on every rock type except 
from quartzite). The surfaces were examined in SEM before and after
scratching to give correct wear rates by measuring the geometry changes. 
The wear rate results are presented in Fig 14. 



Figure 14. Wear rate of the cemented carbide tip when scratching against the
different rock types at 14 N load. The rock types are sorted from soft to hard, 
according to the average hardness from 1 µm depth indentations. 

It is shown in Fig. 14, that the low load hardness of the rock can be used to 
determine the wear rate in pure abrasion: minerals with hardness below 490
HV show very low wear rate. In the intermediate hardness level, 550 to 790
HV the wear rate are considerably higher and the three hardest rock types
(800 HV and higher) show the highest wear rate. Obviously, the worst 
abrasive wear is obtained if the rock type consists of hard and relatively
large grains, as in the case of sandstone.

In addition to these wear rates a surface investigation was conducted, to 
see how the worn surfaces with the very different wear rates appeared. In Fig 
15, a comparison between a very little worn tip from magnetite scratching is 
shown beside a tip very much worn from sandstone scratching. 

Figure 15. Worn irregular CC tip surfaces from scratching in magnetite (left) and 
from sandstone (right), which show the very similar mechanisms: WC grain
fracturing, WC grain loss and some intermixture with rock. A irregular worn
surface, with no signs whatsoever from abrasion.

The very important conclusion from this CC tip wear investigation is that the 
very commonly used mechanism term “abrasion” is not present, even if a CC
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tip is slid against the sandstone rock. Sandstone obviously gives the highest 
wear rate, but the wear mechanism is much more complex than so, including 
WC grain fracturing, WC grain loss and intermixture with rock on the 
surface. Later on, it will be shown that the rock also penetrates the surface, 
especially when rock drilling also to a high extent includes percussions.   

3.4.4 Friction between a CC grade and different rock types [III]
To investigate the character of friction between CC and different rock types, 
a comprehensive friction mapping in a higher scale was carried out [III].
The study included magnetite, hematite, granite, mica schist, leptite 
(granulite), sandstone and quartzite. The friction was measured in a pin-on-
disc tribometer under dry conditions at 25 C and 400 C and in water at 25 
C.

The friction values were divided into start friction and stable friction. The 
start friction is the friction value after approximately 2.5 m sliding distance, 
before substantial tribofilm formation and surface polishing. The stable 
friction is the friction coefficient after 312 m sliding distance, when these 
processes have reached a steady state.  

It was shown that the start friction in room temperature air might initially 
vary between 0.37 (quartz) and 0.72 (granulite or leptite), see Fig. 16. The 
start friction in air for quartz corresponds well with the friction value for a 
single quartz grain in sandstone and in quartz (µ~0.3) in 3.4.3. At the higher 
temperature, the start friction is typically similar to the room temperature 
values. After 312 m sliding distance, the friction generally rose and 
stabilised, as shown in Fig. 17. The highest friction values were obtained in 
dry sliding after stabilisation, the lowest were generally found in water 
sliding.  No obvious connection between the composition of the rock and its 
friction could be seen.
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Figure 16. Start friction for all rock samples       Figure 17. The stable friction for all
in air at 25 C and 350 C, and in water               rock samples in air at 25 C and
at 25 C. 350 C, and in water. The friction is 
                                                                              considered stable after 312 m of 
                                                                              sliding.

A special effect was found when the tests seemingly run dry after starting
under the wet conditions, see Fig. 18. The friction values here seemed
dependent on the ability of the rock type to hold water. Mica schist holding 
much water, gives a low friction even when running dry. The friction against 
granite, sandstone and hematite escalated steeply when run dry, indicating 
low ability to hold water. 
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when the wet tests run dry. The relation to the ordinary dry friction level is also
indicated.



Figure 19. Magnetite debris in sliding track from water test, located in the magnetite
grain borders (SEM).

In the same investigation, another interesting phenomenon was discovered in 
the magnetite track. After sliding in water, the track was covered with wear 
particles, typically of two sizes: 0.5 µm and 3-5 µm large, see Fig. 19. The 
larger were located along the grain boundaries and valleys while the smaller
were found everywhere. EDS-analysis showed that these particles consisted 
of magnetite. It is assumed that this effect was a result of the magnetic
properties of magnetite.

Assuming that the friction in rock drilling is most similar to the start 
friction in water, the differences in friction are relatively small: from the 
granite level, µ=0.27 to hematite, µ=0.21. However, the friction was much
higher without the presence of water. This implicates that the differences in 
drill wear between different rock types are not significantly dependent on the
friction, but instead dependent on which wear mechanism the rock type
promotes.

3.4.5 Drillability rate index 
The drillability rate index (DRI) is used to rate how easy it is to drill a 
certain rock type. The DRI is a combination of the rock specimen brittleness 
value ( ) and a miniature drill test value reported by Siever (SJ value) 
[13]. In table 8, a number of DRI values are presented in combination with a
rating scale. This table is only a guideline and here it represents the very
shifting character of rock types.

20S
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Table 8. Drillability rate index for a number of rock types in combination with 
rating scale. All values are typical ranges and taken from “Rock excavation 
handbook” by Sandvik Tamrock.

Rock Type DRI Rating

Chromite 70-125 High - extremely high 
Gneiss 25-75 Low - high 
Granite 30-80 Low - high 
Granulite (leptite) 20-45 Extremely low – medium 
Hematite 25-85 Very low - very high 
Limestone 30-100 Low - very high 
Magnetite ores 15-50 Extremely low – medium 
Mica schist 25-85 Very low – very high 
Quartzite 25-80 Very low – High 
Sandstone 15-90 Extremely low – very high 
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4. Properties of Cemented Carbide 

To understand the wear mechanisms between two materials that meet, the 
properties of both materials are important to know. In the previous chapter, 
some central rock properties were handled while the following section 
describes the most important properties of CC:s regarding rock drilling and 
hot rolling. 

The CC materials provide a unique combination of hardness and 
toughness. These properties are a result of the composite structure of very 
hard (but relatively brittle) WC grains glued together with a ductile Co 
binder phase that allow some plastic deformation in the structure.  

4.1 Binder phase 

The Co binder ( -phase) can be alloyed with other elements, such as Ni, 
which can counteract the transition of Co from its high temperature phase 
fcc (ductile) to its low temperature phase hcp (brittle) [5]. Another issue with 
Co is that it dissolves in low pH solutions. To counteract this, it could be 
mixed with Ni or Cr, or be removed totally [15]. Therefore, the binderless 
carbides (BL) have been developed. These materials have only traces of Co, 
but with small additions of TiC and TaNbC carbides to facilitate dense 
structures [16]. On the other hand, the binderless carbide (almost pure WC), 
dissolves in high pH solutions[15].  

4.2 Hard phase 

The hard phase ( -phase), WC, constitutes the main part of cemented 
carbides, normally from 99 wt% (binderless carbides) down to 70 wt%. 
Since WC is a non-centro symmetric hexagonal crystal, the hardness of WC 
is dependent on the crystal orientation. It varies from 1300 HV on the crystal 
prism planes to 2300 HV on the basal plane [3], see Fig. 20. The WC grain 
size is a very important parameter, with a great influence on the CC hardness 
and toughness. When referring to the grain size, an average value is always 
given, ranging from ultra fine <0.5 µm, medium 1.4 - 2.0 mm, up to extra



coarse >5.0 µm. A fine grained CC gives high hardness, but lower
toughness. A coarse grain size also has higher thermal conductivity.

Figure 20. The hexagonal WC crystal structure. Basal planes with 2300 HV and 
crystal prism planes with 1300 HV. 

4.3 Density 

The density of a CC is about 13-15 3cmg
32OAl
, which is twice the density of 

steel, about 4-5 times the density of  and 5-6 times the density of 
granite. The density of pure WC is 15.7 3cmg and of pure Co 8.9 
[17].

3cmg

cH

cH

H

4.4 Mean free path 

The CC can also be characterised with the mean free path, which is a 
measure of the average thickness of the Co between the WC grains. The
mean free path of rock drill grades is in the order of 0.2 µm to 0.5 µm,
depending on Co content and WC grain size. An indirect measure of the
mean free path is obtained by measuring the magnetic coercivity force, .
The value is a measure of the force necessary to reduce the magnetic
induction to zero and is thus only influenced by the ferromagnetic Co [18].
The coercivity also is used to measure changes in the Co phase, a CC 
exposed to fatigue normally show an increased  value.c
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4.5 Thermal properties 

The thermal properties of pure WC, pure Co, three WC/Co grades and of 
three common rock types are presented in Table 9. The three grades have 
different Co contents and WC grain sizes, which make them adapted for rock
drill buttons, hot rolls and multi purposes, respectively. The thermal
conductivity is approximately twice that of unalloyed steel. A grade with
coarse WC grain size has slightly higher thermal conductivity than a grade
with fine grain size, if they have the same Co content.

Table 9. Important thermal properties of pure WC, Co, three different WC/Co grades 
and of three rock types. a) Values for a rock drill grade with 6% Co, 5 µm WC, b)
hot rolling grade with 15 % Co, 4 µm WC, and c) a multi-purpose grade with 11 % 
Co and 2 µm WC.

Density Thermal
expansion,
1x10e-6 /K 

Melting
point

C

Heat capacitivity
J/gK

Thermal
conductivity,

W/mK

At temperature ( C) Below 400 25 100 400 1200 25 400 1200
Pure WC 15.7

[17]
3.8
[19]

2870
[17]

0.18
[17]

170
[20]

Pure Co 8.9
[17]

12.5
[19]

1495
[17]

0.42
[17]

a) Rock
drill grade 

14.8
[21]

4.9
[21]

0.22
[22]

0.26
[22]

0.30
[22]

122
[22]

95
[22]

65
[22]

b) Hot 
rolling
grade

13.9
[21]

5.8
[21]

0.24
[22]

0.29
[22]

0.35
[22]

106
[22]

84
[22]

61
[22]

c) Multi 
purpose
grade

14,4
[21]

5.6
[21]

95
[21]

Mica 3
[20]

0.88
[20]

0.5
[20]

Granite 8
[20]

0.8
[20]

3.5
[20]

Quartz 0.4
[20]

0.8
[20]

0.2
[20]

3cm
g

4.6 Cemented carbide hardness 

The bulk hardness of Co is below 100 HV, but nano hardness tests have 
shown that Co-binder close to WC-grains is about four times harder than in 
the bulk. [23] The possibility to combine different WC grain sizes and Co 
binder contents give CC a wide hardness spectrum. A CC grade with as 
much as 25 % Co content and 5 µm coarse WC grains has a hardness of
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about 700 HV, and a grade with 5 % Co and a submicron WC grain size
could have a hardness of about 2200 HV. 

4.7 Fracture toughness 

36

CK1

One of the most important features of CC:s is the high fracture toughness.
The method used most when determining the fracture toughness, , is the 
Palmqvist method. Here, a Vickers tip is pressed into the surface at a 
relatively high load, and the cracks originating from the indent corners are 
measured. From their length, the fracture toughness can be calculated. 
Typical fracture toughness values for CC:s lie between 5 2

1Pam  (grain size 
below 0.5 µm and 3 % Co) up to 26 2

1Pam  (2 µm grain size and 28 % Co).

4.8 Young’s modulus 

Cemented carbides have relatively high Young’s modulus, from 400 to 650 
GPa, which is about 2 to 3 times higher than that of steel. The Young’s 
modulus decreases with increasing Co content. An increase of 5 wt% Co 
reduces Young’s modulus roughly 50 GPa. 

4.9 Rock drill and hot rolling grades 

Typical rock drill CC grades have a large grain size, about 3-5 µm, and high 
binder content (7-10 wt%), compared to typical cutting tool grades. This 
combination gives intermediate hardness (about 1300 HV) and a high
fracture toughness (about 15 2

1Pam ) to best withstand the percussive nature 
of drilling. The development of cutting grades is aiming towards very small
grain sizes, down to ultra fine (< 0.5 µm), which gives very high hardness
(2200 HV) but lower fracture toughness (about 5-8 2

1
).Pam

A typical hot rolling grade also consists of large WC grains but more Co,
up to 30 wt%. This gives very high fracture toughness (about 25

1
),

which is necessary when the rollers are large and the temperature shifts 
dramatically. However, the superfine grades have a toughness and hardness 
being too low to be used in rock drilling and similar applications. 

2Pam



5. Wear and deterioration of cemented carbide 

The wear and deterioration of CC have been well investigated for many
years and it is still a hot subject. The explanation is that the material has
been modified to suit many new applications with different wear behaviour. 
This chapter presents a model of a drill button hitting the rock, a 
investigation on a single hit in granite, abrasion of pure WC and CC, and a 
survey of rock drill wear literature. In addition, the  CC fatigue is discussed 
and a new model the reptile skin formation is given. A new material
investigation preparation technique is presented and used to reveal rock 
penetration in CC rock drill buttons. Finally, a new view of the deterioration 
and wear mechanisms for cemented carbide rock drill buttons is presented. 

5.1 The cemented carbide drill button meets the rock 
A typical application, such as drilling of granite in Kiruna, Sweden, involves 
a 50 mm diameter steel crown with ten CC buttons. Each button is a cylinder
(ø 8-9 mm on drills of this size) with a rounded top. The drill rotates at 100
rpm while impacting the rock 50 times per second. About 80 % of the impact
energy transforms the rock into fragments. The drill button mainly transfers 
its energy through the rock powder it produces, see Fig. 21 [13].

a) b) c)
Figure 21. Simplified view of a rock drill button meeting and crushing rock.
b) The rock starts to crack when the first rock tops have been crushed and the button
meets an increasing force against the combination of fragments and rock tops.
c) Finally, the force is sufficiently high to form larger scale cracks, thereby 
fragmenting the rock under the outermost tops. The maximum load is mainly
transferred via the fragments. The translation due to rotation of the drill is held back
by the high friction forces during the impact, and catches up between the impacts.
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From the example above, it can be derived that each button crushes and digs 
out 2.5 mm rock per revolution while impacting 30 times. Peripheral buttons 
“slide” against the newly crushed rock, in total some 13 km during its life-
time. In the example, 70 holes with 3 m depth each were drilled with 3
crowns. This means that each crown lasted for 70 meters, during which time
the buttons were worn approximately 5 mm. The buttons cover approxi-
mately 30% of the drill area. Thus, in this example, the CC buttons are worn 
50.000 times less than the rock by volume!

During its lifetime, the button hits the rock some 80.000 times. On each
hit, the wear depth is roughly 0.06 µm, corresponding to 20 hits per micron
worn, or typically 100 hits per WC grain layer.

The actual surface temperature on the drill button is unknown, but a very
interesting parameter. It is very difficult to measure, and probably it is 
shifting very much due to the intermittent loadings, different friction
coefficients, and water-cooling. The temperature has often been discussed
and a common estimation is that the rock drill button exhibits on an average 
between 300 C and 400 C [5]. However, many writers also discuss the 
flash temperatures, which are obtained at the asperity level during the very
rapid moments of real contact between the rock and the tool.

Since the friction energy is dissipated within the real contact spot area, the 
size of this spot has a very strong influence on the expected temperature.
This area can be estimated using the equation for static contact 

H
NFAreal  [24] (1) 

Hence, from the hardness of the softest material in a contact and normal
load, a real contact spot area can be calculated. If the hardness is 800 HV (as 
a typical macro value for granite) and the normal load is 2000 N, the real 
contact area would be about 0.25  (which corresponds to a circular spot 
radius of 0.28 mm). A harder rock type leads to smaller contact spots and 
therefore higher contact spot temperatures.

2mm

When the velocity is relatively low, the temperature in the contact spot
between rock and drill can be estimated according to 

CoWC

N
CoWC a

vFT
/

/ 4
[24] (2) 

where is the normal load, NF  the friction coefficient,  the relative 
sliding velocity, the circular contact spot radius and 

v
a WC / Co  the thermal

conductivity of the cemented carbide grade. By using 122/ Co  W/mK
from table 8, the normal load 2000 N, the velocity 0.26 sm , a typical
friction coefficient 3,0  (as for quartz against CC), and the contact spot

WC
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2m 0

radius 0.28 mm, the temperature will be about 1200 C. However, in this 
high temperature interval, the thermal conductivity is as low as 65 W/mK,
which further rise the temperature to about 2200 C. If the contact spot area
instead is assumed to be 1  (the radius 0.56 mm) and it is combined
with the lower thermal conductivity at the high temperature, the equilibrium 
temperature again will be about 1200 C.

2mm

16.0

However, the equations (1) and (2) are valid for a mild sliding situation 
rather than our chaotic situation with impacts and occasional sliding against 
a partly crushed and flushed counter surface. Furthermore, the normal load 
of 2000 N is an approximate value involving the loads from the impacts,
which actuates 30 times per revolution. This could further rise the contact
temperatures.

To further understand the thermal situation, let us assume that a WC/Co
grade only consists of WC with 5 µm large WC grains. A simplified,
spherical grain will then have the volume 65 , the cross section area 
20  and thus the thermal capacitivity of 

3m
610185. KJ . Consider a

drill button exposed to a normal load of approximately 2000 N on a surface 
area of about 1 , an area that encompasses about 50000  grains. Let 
this button area slide one revolution of a distance of 
with

2mm
16.0S m

3.0 . The heat produced during this single revolution is-
9620003.0SNW J . Since the thermal conductivity

for WC is more than hundred times that of quartz, all heat can safely be 
assumed to be conducted into the WC. If this heat is divided with the number
of WC grains and thermal capacitivity of each WC grain, the heat will cause 
a temperature increase in the first layer of WC grains of about 10 000 C.

This very simplified calculation indicates the possibility of very high 
temperatures at the rock/WC surface. However, several parameters are not 
considered. The heat is distributed several grains down, into the rock and
rock fragments, and the drill is cooled by water (or air in open cut mines).
The normal load is very erratic, due to the revolutions against the coarse drill 
hole bottom and the impacts. These facts point at a lower temperature than 
that estimated.

To summarize, the following estimated parameters can be given for a rock
drill in granite: 

Each button crushes and digs out 2.5 mm rock per revolution while
impacting 30 times, corresponding to 160 mm  per impact.3

The CC button is worn 50000 times less than the rock by volume.
Before one layer of WC has been worn down, it approximately has been
hit 100 times by rock. 
The real contact area between the drill button and the granite could be as
low as 0.25 mm  during the impact.2



The temperature in a drill/granite sliding contact spot was roughly
estimated to be between 1200 C and 2200 C.
The heat produced from a single revolution is enough to increase the 
temperature far above estimated average equilibrium temperatures.

5.2 What happens when a CC-button hits granite rock 
just a few times?

To investigate the initial steps of deterioration, a drill button surface was 
studied after just one or a few manual hits into granite [25]. A common CC 
rock drill button made of 11% Co and with 2.0 µm large WC grains with a 
top radius of 6 mm was placed against a granite wall outside the Ångström
laboratory and then hit with a 1.3 kg sledge hammer.

It was found that granite fragments adhered to the surface, at the centre of 
the first hit, see Fig. 22a. It was also clear that the CC surface was worn in 
this region, see Fig. 22b. EDS-analysis showed that the wear exposed Co 
binder phase, which indicates that removal of whole carbide grains
dominated over fracture within grains. 

a)                b)
Figure 22. Traces in the CC from one hit in the Ångström-granite wall. 
a) Granite (white areas) stuck to the CC surface after one hit by a sledge hammer.
b) The same surface in higher magnification. The rock has worn the surface, which
     leads to exposed Co. The sample was carefully cleaned before imaging, and the
     granite is stuck very hard to the surface (SEM). 

5.3 Wear of cemented carbide and pure WC 

The abrasive wear of CC:s has been carefully investigated by Engqvist 2000
[3]. Some common CC-grades and binderless carbides were investigated 
with a crater-grinding test, where the abrasives were varied.
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The results showed that if the CC was worn with hard abrasives (that is at 
least 1.2 times the hardness of the CC), the material is removed as a result of 
plastic deformation and fragmentation of carbide grains. Another result was 
that the wear resistance of the CC increased only moderately with increasing 
hardness.

If the abrasives were soft, the wear rate was lower than with the hard 
abrasives. In this case, the main wear mechanism is extrusion of binder and 
subsequent removal of WC grains. The wear rate is therefore dependent of 
the mean free path (see section 4.4) and the WC grain size. Larger mean free 
path leads to lower wear resistance. When the abrasion is mild, (that is, with 
groove sizes comparable with the grain size) the wear depends on each 
individual constituent, rather than on the composite properties. 

Engqvist investigated the abrasive wear of single crystal WC by
scratching. He showed that the abrasion resistance depends on crystal
direction, but not on the hardness. The prism plane that showed the highest 
scratch hardness and lowest wear did not have the highest indentation
hardness. This result indicates that it is the deformation mechanism rather 
than the indentation resistance that controls the wear rate in abrasion.

The results also indicated that WC behaves ductile compared to other hard
materials. This ductility of the hard phase is suggested to add further to the
ductility provided by the binder phase in making the CC ductile. Similar
plastic deformation of WC grains has been found also in hot rolls, an 
example can be seen in Fig. 23 [26].

Figure 23. Cross-section through hot roll surface. Numerous coarse WC grains are 
plastically deformed as evident from the slip band structure (1). The hot roll grade 
has 6 % Co, and a WC grain size of 5 µm (SEM) [26].
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5.4 Rock drill wear – a literature review

Despite being investigated from many viewpoints during many years, it is 
still difficult to get an overview of the wear mechanisms of rock drills. This 
is due to a couple of reasons. Firstly, the rock types vary widely. It is 
therefore difficult to transfer results from an investigation to another type of 
rock, even if the rock names are alike. Secondly, the wear measurement 
methods vary. Finally, the wear mechanisms investigated are often presented 
with different names. In this section, a number of important drill wear 
publications describing rock drill wear in general are reviewed. All 
mechanisms described as “thermal wear” and the couplings to the reptile 
skin formation are reviewed in section 5.7. 

Montgomery looked at drill bits from rotary/percussive drilling in granite 
and limestone 1968 [27]. The main wear mechanism was considered to be 
fatigue microspalling, directly correlated to the number of percussions. The 
author argues that the sliding velocity and the applied load are of minor 
importance. The microspall formation rate strongly depended on the rock 
hardness. The size of the microspalls depended on the properties of the 
cemented carbide.  

In 1969, Montgomery explained that the CC wear rate in granite drilling 
was very sensitive of the Co-content, and proportional to the CC button 
hardness [28]. The lowest wear rate was found at a hardness of 92 RA, 
which also correlated to the maximum compressive strength in the cemented 
carbide. Later on, Montgomery reported that next to the compressive 
strength, the mean WC grain size is the most important parameter 
influencing wear [29]. 

Larsen-Basse wrote a review in 1973 (partly based on Montgomery’s 
results) and concluded that rock drill wear could be described by the 
following mechanisms [30]:  

Surface impact spalling 
Surface impact fatigue spalling 
Thermal fatigue 
Abrasion

The two former spalling mechanisms were most dominating when drilling 
hard and abrasive rock types, such as quartzite and granite. The thermal 
fatigue was the dominating wear mechanism when drilling in soft non-
abrasive rocks such as calcite and magnetite, and the abrasion mechanism 
dominated the wear when drilling in soft but abrasive rocks, such as 
sandstone.
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G. B. Clark reported in his rock drill wear survey that Larsen-Basse’s 
description of wear mechanisms is supported by several authors [31]. As an 
example, Bailey and Perrot reported 1974 that the wear of rotary cutters 
consists of thermal fatigue, abrasion and surface impact fatigue, and in all 
cases also by the propagation of intergranular cracks [32]. Also in 
conformity to Larsen-Basse, Blomberry and Perrot reported that Co is worn 
away by abrasive particles, leading to lower toughness in the surface and 
intergranular cracking patterns.

Larse-Basse suggested that the abrasive wear takes place by two 
mechanisms operating simultaneously: microfracture at the point of abrasive 
contact and preferential removal of Co [30].  He also points out that for 
rotary/percussive drilling, impact fatigue wear and abrasion operates 
simultaneously, though essentially independent.  

The Co extrusion wear mechanism from Blomberry and Perrot was 
further underlined by Kenny in 1974 [33]. Kenny concludes that a scratch 
test by WC/Co on quartz and by cutting in sandstone shows the same 
importance and dependence as earlier reported. An experiment where Co 
first was etched away, and then worn, also gave much higher wear rates than 
a surface with the normal Co content [33].  

In 1979, Larsen-Basse investigated the importance of abrasion of WC/Co 
by quartz [34]. He stated that the carbide grains are cyclically moved in their 
position by friction forces, which lead to Co-extrusion in the surface. The 
shortage of Co leads to fracture of WC grains, due to the lack of 
precompression. To reduce this Co extrusion, a smaller Co mean free path 
could be manufactured in the buttons [34]. 

Perrot published 1979 a comprehensive rock drill wear review paper [35]. 
In this paper, Perrot presents five types of wear mechanisms for WC-Co:  

scratching
grinding abrasion 
hot abrasion 
thermal fatigue 
surface spalling.

In scratching abrasion, the surface generally is formed flat with some pits 
from cracked WC grains, down to the depth of two WC grain sizes. The WC 
grains are removed in one piece or crushed. In grinding abrasion, the Co is 
extruded to a larger amount and the WC grains are truncated and exposed to 
extensive fracture. The Co mean free path is directly correlated to the wear 
rate, as Larsen-Basse pointed out earlier, but Perrot also thought that WC 
grain cracking can be independent of the Co removal.  

If a rock drill button is exposed to large loads and high velocities, a glassy 
surface appeared. The rotary drilling in sandstone gives this type of effect 
[36]. This results in what Perrot called hot abrasion, where the high 
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temperatures achieved lead to plastic deformation of WC grains [35]. The 
wear fragments from WC are very fine, the WC-skeleton is compressed in 
the surface and Co is removed down to a couple of hundred micrometers. 
Perrot reports a Co binder phase which is partly transformed from fcc into 
hcp, during drilling and an increased density of dislocations in both WC and 
Co. In rock drills exposed to hot abrasion, an increased hardness in the 
surface zone was noticed.  The thermal fatigue is described in section WW.

Finally, Perrot reports on the surface spalling wear mechanism, which 
occur mostly in percussive drilling and leads to great craters, 25-200 µm in 
diameter and 10-14 µm deep [35]. Higher impact energy and higher rock 
hardness increases the surface spalling. In roller-type rotary cutters without 
impact, the spalling craters are larger and deeper.    

The abrasion in percussive rock drilling can also be described in three 
levels as Larsen-Basse did 1983, [37] based on Montgomery’s earlier results 
in drilling in granite [27]. Larsen-Basse suggested that the overall 
mechanism could be divided into [37]:

Macroscopic level, affecting a major part of the component by each wear 
event.
Microscopic level, affecting a section of material that incorporates a 
substantial number of grains.  
Finer level where only individual carbide grains or binder areas are 
affected.

C. M. Perrot described the abrasion in a similar way and named the abrasion 
regimes a) gouging abrasion, b) high stress (grinding) abrasion, and c) low 
stress (scratching) abrasion [38].

5.5 Fatigue of cemented carbides 
5.5.1 Cemented carbide fatigue – a literature review 
Fatigue is when a material fails after cyclic stress, by shifting temperature or 
load, and the actual stress is lower than the tensile strength and often below 
the yield stress. The repeated stress initiates local changes and 
transformations in the material, slowly growing cracks and subsequently 
large catastrophic cracks form at the weakest spots in the material [39].  

Schleinkofer has written several interesting articles about fatigue of 
WC/Co materials. In a newly developed test apparatus they investigated 
fatigue and static response by bending a test sample well controlled in 
several series [40]. They noticed a strong fatigue effect under cyclic 
loadings, and the sample lifetime decreases with increasing stress amplitude. 
Schleinkofer also found that a cemented carbide show very low resistance 
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against fatigue, slightly in contrast with the usual findings that cemented 
carbides and its unique combination of hardness and toughness are the best 
material in cutting applications.  

In 1996, Schleinkofer combined a fatigue test series with TEM analysis 
and showed that the binder phase undergoes a large plastic deformation 
process, especially at crack tips [41]. These ligament zones are very 
important for the macroscopic properties for the materials, and they normally 
show a martensitic transformation from fcc to hcp. The large modifications 
during fatigue in cemented carbide are generally located in the binder phase. 

Kindermann exposed WC/Co to high temperature and cyclic loading [42]. 
For temperatures below 900 ˚C, the fcc-hcp phase transformation in the 
binder phase was the most important change. At higher temperatures, the 
binder phase form oxides and the WC became more ductile. 

By using TEM, Rettenmayr also investigated Co in deformed cemented 
carbide [43]. He proposed four types of faults in the Co fcc lattice, formed 
by the plastic deformation: 

Dislocations
Stacking faults 
Twins
Zones where Co-fcc has transformed into Co-hcp (preceded by stacking 
faults).

The stacking fault energy in Co is very low, which make stacking faults very 
common. To achieve an fcc to hcp transformation, it is necessary with a 
stacking fault density of one stacking fault per three {111}-planes. 
Rettenmayr states that due to the low stacking fault energy, new stacking 
faults are formed instead of complete dislocation sliding.    

5.5.2 Pressure induced modification of a cemented carbide [IV] 
To isolate the mechanical fatigue effect, a pressure cycling test was 
performed on a common CC grade [IV]. The sample was pre-stressed to 0.69 
% compression and then pressure cycled with amplitude of 0.37 %. The 
cycling did not lead to fracture.  

The results from the pressure fatigue were that the fracture toughness 
decreased 14 % due to the pressure cycling, while the hardness did not 
change [IV]. In addition, the thermal shock resistance and the erosion 
resistance decreased. The magnetical coercivity increased 90 % indicating 
significant phase transformations or high defect density in the Co binder 
phase. The TEM revealed no deformation of the WC phase, but important 
alterations of the Co phase. The Co phase was transformed from fcc into a 
new unidentified phase, characterized by atomic inter planar distance present 



in fcc and hcp plus an unfamiliar distance of 2.35 Å. This phase is suggested 
to be due to a more complex stacking sequence of the close-packed planes 
than in hcp or fcc. 

5.5.3 The fatigue distribution in a CC rock drill button 
The presence, distribution and level of fatigue induced degradation in
cemented carbide rock drill buttons was investigated by Berger [44] under 
supervising by the author. An erosion method was developed (30µm large 
SiC grains eroding at 90˚) to suit the cemented carbide material, and to be 
able to reveal changes in the material properties from fatigue. As an 
example, it was shown in paper [IV] that a material exposed to fatigue, 
showed a decreased erosion resistance, see section 5.5.2. The erosion 
method was proven to be useful by revealing the known differences in a
button with a lower Co content in the surface and a Co wave about 4 mm in
the bulk, as seen in Fig. 24. The Co wave showed the lowest erosion
resistance, as expected. 
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Figure 24. Erosion depth for a button with a Co depleted surface zone and a wave 
with higher Co content inside. The erosion resistance is highest on the button
surface, and lowest in the Co wave. (Drill button with 6 % Co (average), 3 µm WC
grains and drilled 18 m in quartzite, tested before reshapening)

The erosion test method was also applied on a drill button without the 
manufactured Co gradient. In Fig. 25, three buttons with the same
composition (6 % Co, 2.5 µm WC) but with different drill depths are 
compared.
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Figure 25. Erosion depth for three buttons with same compositions, but with
different drill depths, all drilled in quartzitic granite.

For the drill buttons compared in Fig 25, it was shown that a longer drilling 
length resulted in lower erosion resistance. The degraded area was shown to 
be well distributed through the whole button from surface to bottom,
indicating that it is the elastic compression of the whole button that results in 
Co fatigue. The non-reshaped 18 m button showed a surface zone with 
higher erosion resistance, which could be a result from the rock penetration
further discussed in 5.6. An anomaly is also found: the as-produced drill 
button showed lower erosion resistance than the 18 m-button, indicating that 
the first steps in bulk fatigue may increase the erosion resistance. 

5.6 Rock penetration into cemented carbide rock drill 
buttons
5.6.1 Homing cross sectioning [VI]
During the work with analysing cemented carbide buttons, a new preparation 
technique was developed [VI]. The traditional cross-section preparation 
including cutting, polishing and etching is normally very useful. However,
the technique is limited with the respect to the precision in the positioning of 
the cross-section, and it also tends to inadvertently remove brittle 
constituents and conceal cracks and small details close to ductile phases that 
may become smeared out by the polishing.

The paper [VI] presents an alternative technique, shortly described as a 
rapid preparation technique where the sample for investigation is cut and 
fractured at the position of interest. The fracture automatically follows the
weakest parts of the material. This technique was used on a large number of 
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cemented carbide rock drill buttons and hot rolls. It revealed the important
penetration of foreign material into the CC surfaces, as discussed in 5.6.2. 

5.6.2 Rock penetration into CC rock drill buttons [VII] 
The new material preparation technique, the homing cross sectioning, has 
been used on a great number of rock drill buttons. This investigation
highlights a very important, but still undiscovered matter, that is: the
penetration of rock into the cemented carbide drill buttons. In every drill
buttons investigated, rock has been penetrated to different levels, from
intermixed surface layers to extremely deep channels filled with rock 
material. Here, some examples will be presented showing the different 
nature of the rock penetration. The rock penetration mechanisms and a great 
number of examples are thoroughly investigated in the paper [VII].

In Fig. 26, two examples of rock drill buttons exposed to homing cross
sectioning are shown. The examples are two ordinary drill buttons from
drilling in quartzite and granite respectively, and they both show largely
developed rock penetration. 
Drill button surface Drill button surface 

Homing cross section Homing cross section

a)                   b)
Figure 26. Rock drill buttons exposed for homing cross sectioning, revealing rock 
penetration. (SEM)
a)   Intermixed top layer (dark), composed by CC and rock materials. (Drill button
     after 18 m drilling in quartzite, 6 % Co, 3 µm WC grain size). 
b)  Intermixed layer (dark), and deeply penetrated rock channels (white spots). The
     rock channels appear white when they are broken in the homing cross sectioning.
     (Drill button after 500 m in granite, 6 % Co, 2.5 µm WC).

After having penetrated into the CC structure, rock material is found with
very different morphologies such as flakes, nodules, threads and filled
channels. The globular and thread like morphologies indicate that the 
penetrated rock material in the fracture undergo melting. In Fig. 27, one
example of the shape of the penetrated magnetite rock is shown. In the 
intermixed layer, little traces of Co is seen, and the magnetite rock penetrates 
into the structure and are revealed as bubbles on the WC grain edges, see 
Fig. 27b.

48



Drill button 
surface

a)                b)
Figure 27. Penetrated magnetite rock (dark) in a rock drill button, from 20 m drilling
in magnetite and with largely developed reptile skin.

Homing cross section

a) An intermixed CC and rock layer where a reptile skin crack is followed
    into the bulk. The penetrated magnetite rock (dark) adheres to the grain
    edges. 
b) Typical appearance of penetrated magnetite (dark) and how it adheres to
     the WC grains. 

Homing cross sectioning revealed, for the first time, extensive penetration of 
rock material deep into the CC buttons during drilling in a variety of rock. 
The rock penetration is a gradual process that occurs by the action of 
compressive shock waves associated to individual impacts between rock
pieces and buttons, see Fig. 28. The rock found in the cemented carbide 
structure always showed a porous structure, due to the resulting
uncompression and cooled rock material, explained in Fig. 28. The
penetration depth increased with the drilling depth, and showed to be 
relatively insensitive to the rock material.
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Rock

Cemented carbide 

Figure 28. A sequence of sketches illustrating the proposed mechanism of rock 
penetration. A shock wave is generated by the rock impacting on the drill button.
The wave (involving high pressure and high temperature) passes through the
cemented carbide structure, squeezing a small amount of material downward the 
channel. When the wave has passed, the channel is slightly extended. The porosity
of the resulting, uncompressed and cooled rock material reflects the compression of 
the CC structure and the thermal expansion of the rock at the time of the impact.

Conclusively, the importance of rock penetration is stressed. The Co
extrusion, earlier reported by a number of researchers [36], [30], [45], [37],
[32], [35], is concluded to be driven by the same mechanism as rock
penetration. Note that these results above involve a significantly new view
on the rock button material. During operation, the material shifts from the
controlled cemented carbide into an uncontrolled composite. This composite
is formed by the WC carbide hard phase and a binder consisting of a mixture
of cobalt and rock. It should be expected that this material exhibits properties 
significantly different from the original cemented carbide, due to: 

a less ductile binder 
possibly a harder binder, 
probably an increased level of compressive stresses in the surface 
layer
probably wedge effects operating to widen cracks, 
further, the composite is occasionally offered some protection
being partly covered by rock layers
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5.7 Reptile skin formation 

When drilling in softer rock types such as gypsum, calcite, manganese and
magnetite, the wear mechanisms are normally considered of a “thermal”
type. This section describes the typical reptile skin formation in magnetite
drilling. Then, a section on how other authors interpret thermal wear
mechanisms follow, finally, a new point fatigue model are suggested as a 
description of the reptile skin formation.

5.7.1 Reptile skin formation in magnetite drilling [V] 
The reptile skin formation is one very important deterioration mechanism,
obtained when drilling in some soft rock types. The typical reptile skin is a 
pattern of plateaus and valleys, see Fig. 29. The plateaus encompass several 
WC grains and have a polished surface. In the valleys, the WC grains are
detached and fractured.

Figure 29. Reptile skin with the typical plateaus and valleys on a CC rock drill
button, used to drill in magnetite (SEM). 

The reptile skin often leads to catastrophic fracture, which can destroy a 
whole drill. This cracking behaviour is very haphazard, and much more
difficult to control than a constant wear rate. To avoid the catastrophic 
cracks, the drill buttons regularly have to be ground down to the bottom of 
the valleys. This procedure may be repeated a few times before the drill 
button is consumed by wear and grinding maintenance [V].

From drilling experience, only magnetite is known to form reptile skin. 
Typically, the Kiruna magnetite leads to the formation of plateaus and 
valleys. Of course, the border between reptile skin formation and regular 
wear is not sharp. There are also different magnetite types that lead to more
or less forming of the pattern. A coarse grain size leads to more reptile skin 
formation than a fine [I].
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From previous investigations it has been shown that a CC button already
after only a few meters of drilling, have thin surface cracks, [V], see Fig. 30. 
However, there are strong indications that there is a difference between the



long initial surface cracks and the surface damage forming the reptile skin
[V].

a)                 b)
Figure 30. a) Shallow surface cracks on CC button that is drilled in magnetite. Note 
that this button has drilled only a few meters, and has a polished surface where the 
cracks have formed. b) Lateral cracks in the same button. This grade consist of 95 % 
WC and 6 % Co, with a hardness of 1430 HV [V]. (SEM).

When the reptile skin has formed, cracks are subsequently formed in the 
reptile skin valleys, see Fig. 31. 

Figure 31. Cracks in reptile skin valleys on a CC rock drill button. The sample is a 
traditional polished cross-section of a button drilled ~5 m in magnetite. The grade
consist of 94 % WC with 5 µm grain size and  6 % Co which gives a hardness of 
1230 HV [V]. (SEM).

It can be concluded, after investigating several cross-section pictures, that
the cracks preferably follow the binder phase and only is in exceptional
cases transgranular, i.e. crossing individual WC grains. It is also known that 
a CC grade with less angular grains forms shallower, but more wide spread 
cracks. The best formula to avoid reptile skin formation is to use a grade 
with large WC grains [V]. It is also possible to increase the Co content, but 
in rock drilling, this leads to high wear rates due to low hardness. In hot
rolling, increasing the Co content is more appropriate. 
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It has also been shown with EDS that in drilling magnetite, the mineral is 
intruded into the reptile skin valleys, see Fig. 32 [V].

1

2

a)                                                                 b)
Figure 32. a) A reptile skin valley on a rock drill button surface. Magnetite (dark) 
has intruded the whole surface, mostly at (1). The WC grains (light) are fragmented
and cracked. b) A crack in a reptile skin valley on a hot roll. The darker areas (2) are 
oxidized iron that is intruded from the rolled material (SEM).

The same effect is seen after hot rolling low alloyed steel [26]. This effect is
also clearly visible when applying homing cross sectioning on the buttons
drilled in magnetite, as seen in Figs. 33 and 34 (or papers [VI] and [VII]).
Here, a CC button with reptile skin from drilling in magnetite was fractured
perpendicular to the surface and the cross-section is shown. The dark 
magnetite is obviously intruded into the surface binder. 

Drill button  surface 
Drill button surface 

Homing cross section Homing cross section
a)                  b)
Figure 33 Cross-sections through a CC button made by honing cross sectioning.
a)  A section of the button with an intermixed magnetite layer (dark) but without 

reptile skin. (SEM) 
b)  Section with reptile skin. The crack has predominantly followed the reptile skin

valleys. Magnetite (dark) is seen along the outer surface along a large part of the 
fracture. The white arrow shows fracture through a reptile skin plateau, without 
intruded magnetite (SEM). 

This experiment shows that the sensitive parts when applying homing cross 
section are the reptile skin valleys. It is however not clarified if the cracks in
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the reptile skin valleys always have magnetite as a weakening factor. In Fig.
33b, a crack section right through a reptile skin plateau, but without intruded 
magnetite, can be seen. The dark magnetite areas are also shown in Fig. 34. 

Drill button surface 

Figure 34. Honing cross sectioning applied on CC button. The crack has followed
the reptile skin valleys, where the magnetite (dark) has been intruded. Note that the
most WC grains on the top surface have been polished by the rock (SEM).

Homing cross section

In Fig. 34, it can be seen that the WC grains on the button surface are mainly
only mildly worn. This polished area covers approximately 90 % of the 
whole area and the rest is the reptile skin valleys, which is covered by
magnetite. This reasoning leads to the conclusion that the main wear
mechanism, before the reptile skin has become severe, is the abrasion of the
WC grains. 

5.7.2 Thermal effects on wear – a literature review
Drilling in magnetite has been thoroughly investigated by Jonsson [45]. The 
soft rock drilling leads to extensive reptile skin formation, where the cracks
are mostly intergranular and the reptile skin plateaus are well polished. 
Drilling without water cooling did not cause any reptile skin, but a more
severe wear from welding of rock to the surface. A deformation hardening 1-
2 mm into the buttons is observed. Jonsson states that if there really is a Co 
extrusion to the surface, the formation is in the same order of magnitude as 
the reptile skin plateaus. The well-known comb cracks in machining are 
connected to the same mechanism as the reptile skin. By increasing the
thermal conductivity, it can be minimized. Jonsson did not report any early
cracks before the formation of reptile skin pattern. 

The instantly formed fine cracks in magnetite reported by Perrot have also 
been seen by Stjernberg [36]. He states that drilling in low abrasive rock 
types leads to reptile skin that is not formed by a fatigue process, as also 
stated by Perrot. Stjernberg suggests that the reptile skin is formed after a 
pile up of tensile stresses in the surface layer, which is generated by the
contact heat and the following cooling. The applied load and percussions do
not generate these tensile stresses. When drilling in harder and more abrasive 

54



55

rock types, the creep in the WC/Co seems to be crucial and a coarser grain 
size is better. They saw that in rotary drilling in sandstone, at high 
temperatures and high wear rates, the WC grains in a 60-60 µm thick surface 
zone were plastically deformed.  

The reptile skin and the thermal fatigue have also been investigated by 
Lagerquist [46]. He reports that the rock drill wear starts with instant surface 
cracks and Co extrusion, to later form reptile skin. He also states the reptile 
skin as a result of shifting temperatures. 

Perrot reports on thermal fatigue, that it starts with fine parallel surface 
cracks, perpendicular to the sliding direction of the button [35]. The crack 
initiation is instant, and therefore not a result of fatigue. Later, these cracks 
are developed into reptile skin, with intergranular cracks. Between the reptile 
skin cracks, plateaus with a polished surface appear, similar to those found 
in grinding and hot abrasion. It was also observed that the cracks often were 
filled with rock fragments and Co, which gives a crucial detrimental wedge 
effect when cyclic heating and loading occurs. Perrot explains that the 
continuous cracking not necessarily is a result from fatigue, since every 
small step in the cracking is an ordinary fracture. The thermal fatigue occurs 
mostly on buttons drilled in soft rock types, such as coal and magnetite. 

5.7.4 A suggested new model for the reptile skin formation 
The correlation between thermal effects and reptile skin formation can be 
concluded:

There are reports that correlates high temperature-differences with high 
reptile skin forming (such as when cutting in coal) 
The best way to minimize the reptile skin formation is to use a grade with 
coarser WC grains and it is normally explained by the higher thermal 
conductivity.

Why the thermal effects cannot fully explain the reptile skin formation: 
The correlation between comb cracks in machining and seal rings is not at 
all obvious, despite what usually is reported. In seal rings, as an example, 
thin cracks are formed perpendicularly to the sliding direction [3]. In this 
case, hot spots are the possible explanation for the observed thermal 
damage. This cracking pattern appearance is not the same as the reptile 
skin on buttons drilled in magnetite, gypsum, or manganese. 
The crack patterns formed in asphalt covering on roads may constitute a 
better comparison. The proportions between granite gravel grains and 
bitumen in asphalt is almost the same as for WC grains and Co in 
cemented carbides. The crack patterns formed on asphalt are due to a 
large number of loadings from the rubber tires on the heavy vehicles, 
which do not include thermal effects.     



It is reported that there is always some instantly formed cracks on rock 
drill buttons of unknown nature but sometimes automatically correlated to 
the reptile skin. 
It is known that the grain size in magnetite strongly affects the reptile skin 
formation [I], [II]. A coarse-grained magnetite (600-800 µm) causes much
more reptile skin formation than do a fine-grained (50-200 µm). These
two types of magnetite do not differ much in average micro hardness [I]
or in scratch response [II]. Therefore, it appears to be the great difference 
in grain size that leads to more reptile skin. 
If the reptile skin formation is a result of thermal effects, it would be 
strongly related to the sliding distance and the friction (see section 5.7.3). 
However, the differences in friction coefficients for rock types with 
similar average micro hardness (such as magnetite and hematite) are too 
small to explain why the reptile skin formation is so prominent in
magnetite [III].

Based on the reasoning above, a new model for the reptile skin mechanism is
presented here. The mechanism can be described as point fatigue. In Fig. 21, 
a model of a single rock drill button meeting rock in a single percussion is
presented. This model could of course be adapted to any rock type. The only
difference between a rock type that form reptile skin and one that does not is 
that the latter continuously removes CC material at a rate that removes initial
cracks before they grow deep.

When the drill button is exposed to a local indent in form of a rock asperity,
the indentation causes an elastic deformation and high tensile stresses on
some locations in the surface, see Fig. 35.

Cemented carbide button 

Maximum tensile stress Rock asperity

Figure 35. Rock asperity indenting into CC button surface, causing high local tensile 
stresses and local cracking in the surface. When this procedure is repeated a large
number of times, the small cracks interact to form a crack pattern, the reptile skin.
The size of the indent contact spot is determined by the surface topography, the 
Young’s modulus and the hardness of the interacting materials. Further
investigations are required.
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In the model, it is proposed that before a large scale rock cracking occurs,
the whole button has been indented by several rock asperities, in a large 
number of contact spots. Every small indent gives a small crack contribution, 
to together form a reptile skin. The location for the maximum tensile stresses 
is continuously changed, depending on the current shape of the rock and the 
current shape and former crack pattern on the button surface. However, the 
size of this pattern (i.e. the dimensions of the reptile skin plateaus) can reach 
a steady-state, where only the depth of the cracks is increasing.

The new point fatigue model for reptile skin forming has these features: 

It is not directly dependent of thermal effects. 
It is dependent on the number of percussions and therefore also the drill
length, that is: the number of indents in the CC surface. 
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It is highly dependent of the CC grain size, since the model reveals the 
fracture toughness as the most important material property. A CC grade 
with coarse grains has much higher fracture toughness,  than has a
fine grained. As an example, a grade with 10 % Co and extra fine grain
size has a -value of 12 2

1Pam , but with coarse grains it is 20 Pam ,
which is a major difference (see also section 4.7 and 4.9). 

2
1

It can explain why coarse-grained magnetite is worse than fine-grained
magnetite, in forming reptile skin. The coarser grains appear to cause
higher local tensile stresses when the surface is indented. It is the surface 
topography, the Young’s modulus and the hardness on the both surfaces 
(rock and CC) that determines the size of the contact spot. However, the 
exact mechanism should be further investigated.
It does not contradict with the fact that buttons drilled in quartzite also 
show fine reptile skin on some areas with lower continuous wear rate. It is
the same point fatigue that causes the reptile skin, but the local wear is not 
enough to remove the pattern. 

The point fatigue-model could also explain why common rock drill grades 
normally works best with coarse grains (they have higher -value).
However, a coarser WC grain is easier to fracture than a finer, and for rock 
types with grain fracturing as the major wear mechanism, a smaller grain 
size is recommended. The fracture toughness can also be increased by higher 
Co content. But with higher Co content, the hardness decreases to levels 
where the buttons start to wear rapidly by abrasion. 

cK1

A surface layer penetrated with rock probably shows lower fracture
toughness. However, the rock penetration could increase the compressive
stresses which would increase the resistance against local crack formations,
according to the model proposed. 



58

Of course, some effects from thermal shocks or fatigues can be present, 
especially in the larger scale and if the CC tools exhibit extreme 
temperatures, or even glowing. But in the small scale, it is here proposed that 
the point fatigue model better integrates the known facts.   
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6. Summary 

In this thesis, a number of important aspects in the wear of cemented carbide 
rock drill buttons have been investigated. It has been shown that the rock 
hardness not always is what it seems to be when comparing micro and macro 
values and that the scratch response in the micro scale could be correlated to 
the macro properties. The friction between rock and cemented carbides has 
been thoroughly investigated in micro and macro scale and shown not to be 
so different that it can explain the differences in wear mechanisms. The 
fatigue in cemented carbide has been investigated and it has been shown that 
a long drill time lead to a cemented carbide with degraded material 
properties, and an interesting new intermediate Co-phase. A new preparation 
method revealed that a common rock drill button suffers from rock 
penetration, which leads to the conclusion that the material that is 
continuously worn is an intermixed layer of CC and rock. A new model for 
the reptile skin formation mechanism has been proposed, which stresses the 
importance of a high fracture toughness value. And finally, from all 
knowledge gathered during the years of Ph.D. studies, a new view on the 
deterioration and wear of cemented carbide rock drill buttons could be 
presented here.

6.1 A new view of the wear of rock drill buttons [VIII] 
The new view on the deterioration and wear of WC/Co cemented carbide 
rock drill buttons includes the life limiting factors, the mechanisms of 
material removal and the deterioration mechanisms either facilitating the 
removal, causing major fractures or necessitating regrinding. The shown 
examples are based on a large number of SEM and FEG-SEM investigations 
and chosen to illustrate typical mechanisms. 

6.1.1 A first close look on a worn WC/Co rock drill button 
An introduction to the complex situation of deterioration and wear of 
cemented carbides in rock drilling can be given by the surface shown in Fig. 
36. This button was damaged by drilling 280 m in quartzite. It has been 
severely worn, involving removal of several hundred WC grain layers, 
severe deformation of the binder down well below the surface and it has also 



been reshaped by grinding several times. The present top surface suffers 
from cracked, partly removed and partly loosened WC grains. Further, some
of the grains have become plastically deformed and show traces of surface 
oxidation. Finally, rock fragments cover large parts of the surface. When
studied in cross-section, it becomes obvious that these rock fragments con-
stitute a firmly integrated part of the surface layer and also have penetrated 
the cemented carbide structure.

A
D

B

EE

C

Figure 36. A typical irregularly worn surface on a peripheral button from drilling 
280 m in quartzite. A: Fractured WC-grains, B: oxidized WC-grains, C: plastically
deformed WC-grains, D: adhering rock fragments (dark) and E: a crack in the rock 
layer stuck to the surface (Typical drill button from drilling 280 m in quartzite). 

This complex irregular surface structure is characteristic for drilling in 
hard rocks, which by tradition have been called “abrasive rocks” [5].
However, note that the surface appears severely beaten, crushed and eroded 
but that there are no signs of abrasive scratches or any directionality of the
wear whatsoever. The surface does not expose any scratches, not in any
scale. Further it can be noted that the surface is relatively smooth on scales 
larger than individual WC grains.

This indicates that wear by removal of large clusters of grains must be
quite unusual events. Rather, this relative smoothness indicates that wear is 
taking place by removal of individual grains or smaller entities, or at the
most by removal of thin layers involving few layers of grains at the time.
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6.1.2 Life limiting factors 
The life of rock drill buttons ends when it has lost so much material that its 
functional shape cannot be recovered by regrinding, see Fig. 37. The 
material loss can be caused either by

gradual wear, often including repeated regrinding operations, or by a
catastrophic fracture, involving loss of a large part of the button. 

The regrinding also causes material loss, but is often necessary due to
different reasons. Firstly, it may be required to regenerate an ideal shape of 
the worn button (chisel edge, sphere, etc.). Secondly, it may be required to
protect the button from catastrophic fracture by removing sources of stress
concentration. Of course, a button may fracture as a direct result of over-
loading, but usually the catastrophic fracture occurs when stress concen-
trations are developed. The sources of these may involve edges and
protrusions caused by uneven wear or plastic deformation or cracks growing
downward from the surface (reptile skin), see Fig. 37d) and e) respectively.

a)   b)    c)     d)      e)
Figure 37.  Illustration to the life limiting processes of drill buttons. a) Unworn
button. b) Button worn out by gradual wear (and typically also regrinding),
c) catastrophic fracture, d) regrinding required to avoid fracture where gradual wear 
has formed stress concentrating edges, e) regrinding required to avoid fracture where 
cracks threaten to develop further. 

The generation of surface cracks is not a wear mechanism in itself but is one
of the most important deterioration mechanisms. The gradual removal (wear)
of material may limit the life both by consuming the button and by bringing 
about stress concentrations. It is caused by a number of principally different 
mechanisms, which in many cases will not be activated unless preceded by
one or more of a number of deterioration mechanisms. These mechanisms of 
deterioration and removal will be described in the following sections.

6.1.3 Mechanisms of deterioration 
Here, the vast number of possible deterioration mechanisms have been
organised into five classes: 

Rock cover formation, rock intermixing and rock penetration
(section 5.6) 
Embrittlement and degradation of the binder phase (section 5.5) 
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Composite-scale crack formation (section 5.7) 
Cracking of single WC grains (sections 5.1 - 5.3) 
Oxidation and corrosion of WC grains 

The three first classes of deterioration mechanisms are presented at the given
sections. The cracking of single WC grains is partly investigated in the given 
sections, but an example is also shown in Fig. 38. When drilling hard rock
types such as quartzite and granite, the rock drill surfaces are exposed to
extremely high pulsating pressures. This leads to local fracture and crushing 
of the superficial WC grains, and a typical example is shown in Fig. 38. 

a)                  b)
Figure 38. Fractured and crushed WC-grains on button surface used to drill 18 m in 
quartzite. The dark areas are quartzite. b) Detail showing several fractured WC
grains. (Drill button from 18 m drilling in quartzite.)

Occasionally, the top surfaces of WC grains are found to be partly covered 
by a tungsten oxide layer. The layer typically has the form of small, loosely
attached rounded particles, such as in Fig. 39.

a)                  b)
Figure 39. Chemical attack of individual WC grain on button from magnetite
drilling. (Drill button from drilling 20 m in magnetite)
a) Sometimes the WC grains are more or less covered with an oxide layer, they also
    appear strongly deteriorated, with porous side surfaces (white arrow). 
b) WC grain top surfaces worn to a polished appearance (tribo chemical removal
    mechanism), but with porous appearance of grain side faces (white arrows)
    adjacent to adhering magnetite (dark). 
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These oxide particles obviously do not add to the wear resistance of the 
button, but would become removed in a next contact the rock. This
mechanism has been found on drills from all types of rock (see Fig 36). 

6.1.4 Mechanisms of removal
The most important mechanisms of removal, as schematically illustrated in
Fig. 40, include five important types, most of which are preceded by some of 
the deterioration mechanisms.

a) Crushing of WC grains and b) detachment of whole or parts of grains
release of fragments loosing their hold in the structure

c) crushing of binder/rock mixture and d) scraping and pounding off of corroded 
release of fragments or oxidized superficial layers on the WC

e) detachment of composite-scale fragments
Figure 40. Schematic illustration of five important mechanisms of material removal
of rock drill buttons.
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Crushing of WC grains and release of fragments (Fig. 40 a) 
Crushing of WC grains and release of fragments, as seen in Fig. 40 a, is 
probably the main mechanism of WC removal from drill buttons exposed to 
hard rock types such as quartzite, granite and sandstone. The removal is 
typically preceded by degradation involving numerous impacts. 

Detachment of whole or parts of WC grains (Fig. 40 b) 
Detachment of whole or parts of WC grains is also a key mechanism on rock 
drill buttons exposed to the hard rock types. These grains may loose their 
hold in the structure due to the: 

repeated impact against the rock, 
scraping against the rock, 
lack of support due to removal of adjacent grains and binder and finally, 
inadequate properties of the remaining binder, due to the deterioration 
mechanisms described 
Most microscopical evidence seems to indicate the removal by 

detachment of whole grains is a less important mechanism than the crushing 
mechanism. However, undamaged sites left after the removal of a whole 
grain must be very rare. The rough estimation given in the introduction, 
points towards some 100 impacts to remove a newly exposed grain. 

Crushing and removal of binder/rock mixture (Fig. 40 c) 
In the literature, abrasive removal of the Co binder is often proposed to be a 
very important degradation mechanism, often preceded by Co extrusion 
from the bulk to the surface [30], [47]. The present work has demonstrated 
that traces of two-body abrasion of the binder are very rare (no scratches 
found), just as for the WC phase.

Careful observation of a typical rock drill surface, as in Fig. 36 or Fig. 41, 
suggests alternative mechanisms for the removal of the binder. The binder 
first becomes embrittled by the intermixing rock and is then crushed against 
the rock and rock fragments during the percussive impact.  

The removal is then a brittle fragmentation mechanism resulting from 
impact and raking against the rock, similar to the removal of the carbide 
phase, as in Fig. 41. Alternatively, it may first become intimately attached to 
a covering rock layer and then removed if this layer is detached in a 
subsequent impact. 



Figure 41.Crushing and removal of mixed rock and Co between the WC grains.
Tribochemical wear of the carbides top surfaces. (Drill button from drilling in 
magnetite)

Tribochemical wear of the carbides (Fig. 40 d) 
Against the so-called “non-abrasive” rock types such as ores with magnetite,
calcite, manganese, and chrome, the WC grains commonly exhibit a polished
appearance, as is exemplified e.g. by Fig. 42. This is typically not a life 
limiting wear mechanism, since concurrent reptile skin formation requires
frequent regrinding, to avoid catastrophic fracture.

Figure 42. A typical polished button surface appearance in high magnification. This 
tribochemical wear is not a life limiting wear mechanism, since concurrent reptile
skin formation requires frequent regrinding. (Drill button from drilling 102 m in 
manganese).

Detachment of composite scale fragments (Fig. 40 e) 
Removal of larger parts of the cemented carbide also occurs, involving large
groups of WC grains, as in Fig. 40e. However, this is typically a rather
unusual event and is rarely a dominant removal mechanism. High loads and 
deterioration including intergranular cracking or reptile skin formation
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increases the risk for removal in the composite scale. A typical example is 
shown in Fig. 43. 

a)   b)
Figure 43. A wide shallow pit on the top of a rock drill button damaged from 280 m
drilling in quartzite. The circular scratches stem from the re-sharpening. The white
arrow shows the sliding direction for this single peripheral button in the drill bit.
That is: the pit was formed on the clearance side of the button, and it was preceded 
by the formation of a reptile skin pattern, as seen in b). Also notice the rock
fragments (whiter) inside the pit.

6.1.5 The new view

A new view on the deterioration and wear of WC/Co rock drill buttons is 
presented, formed on the basis of careful high resolution investigations of
worn rock drill buttons selected from drilling of different rock types. The 
view is based on two life limiting factors, namely wear out by gradual wear,
and catastrophic fracture, five classes of mechanisms of deterioration and 
five classes of material removal mechanisms. All removal mechanisms are 
preceded by deterioration. The different mechanisms and their interrelation-
ships have been described.

Further, the decisive importance of intermixed layer of rock material and
cemented carbide has been elucidated. After a short incubation, it is not the
original cemented carbide that is worn but an intermixed layer of rock 
material and WC grains and strongly reduced amounts of Co. The properties 
of this strange composite determine the wear rate of the drill! 
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7. Om hårdmetallslitage vid bergborrning 
(Summary in Swedish) 

I gruvor bryter man malmer av olika typer för att extrahera värdefulla 
mineraler, allt från järnmalm till enstaka ädelstenar. För att nå dessa malmer 
måste man normalt bryta sig igenom både själva ”gråberget” som ligger 
omkring malmerna och sen malmen i sig. Man kan också bryta berg för att 
användas som byggnadsmaterial och kan efter brytning och krossning 
användas som fyllnadsgrus i betong eller asfalt.  

För att bryta dessa berg och malmer finns ett antal olika tekniker, som alla 
bygger på att man måste spräcka berget, då berg uppvisar ytterst lite 
plastiska egenskaper. Valet av tekniker är beroende av vilken typ av 
bearbetning man vill göra, men också beroende av bergets egenskaper. Man 
kan sammanfatta teknikerna med fräsande, roterande/krossande och 
roterande/slående bearbetning. En mjuk bergart, såsom kol, tillåter fräsning.
I medelhårda bergarter använder man en roterande/krossande teknik. Denna 
teknik används också där man vill ha fina hålkanter och undvika sprängning, 
såsom i väg och järnvägstunnlar. Den roterande/slående är den vanliga i 
hårda bergarter, där man borrar en mindre typ av hål för att fylla dessa med 
spränggelé.

I alla dessa tekniker använder man bergborrar som finns i en mängd olika 
utföranden, men som alla bygger på en stålkärna som i framändan förses 
med hårdmetallstift. Det är hårdmetallstiften som möter och krossar berget, 
genom att kratsa genom berget (fräsande), hårt pressas mot berget 
(roterande/krossande), eller pressas hårt mot berget kombinerat med slag 
(roterande/slående).

Hårdmetall är ett material som är väldigt lämpligt för dessa typer av 
bergborrstift, och materialet används dessutom i ett flertal andra app-
likationer med liknande krav, från metallbearbetningsskär och 
kretskortsborrar till kulor i kulspetspennor, tätningsringar i pumpar och 
varmvalsar.  

Hårdmetallen (eng. cemented carbide) består av hårda Wolfram-karbider 
(WC) i µm-storlek som klistras ihop av den mjuka bindemetallen Co. 
Resultatet man får är ett material med en unik kombination av hårdhet (från 
WC) och seghet (från Co), och därför svårt att ersätta med något annat i 
många hårt nötande tillämpningar. Man varierar materialets egenskaper 
genom att ändra på WC-storleken och på Co-innehållet. En vanlig 
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hårdmetallsort för bergborrning innehåller 96 vikt%  WC och 5 vikt% Co, 
och WC-kornstorleken är omkring 3-5 µm, vilket i sammanhanget betecknas 
som ”grov kornstorlek”.  

Ett stort antal undersökningar har gjorts angående slitaget av dessa 
bergborrstift av hårdmetall. Ett generellt problem är dock att när man borrar i 
ett visst berg och där mäter nötning så är dessa resultat väldigt lokala och 
säger lite om bergborrningen i ett annat berg, även om bergarten har samma 
namn. Berg har nämligen ett mycket brett spektrum av egenskaper, från 
mjuka typer till hårda typer, med en stor mängd olika ingående mineraler 
och kornstorlekar. Detta illustreras t.ex. av magnetiten i Kiruna där 
egenskaperna även i samma gruvort kontinuerligt varierar kraftigt. Utöver 
detta varierar dessutom borrmetoderna och borrparametrarna. Denna 
avhandling försöker utreda hur och varför hårdmetall i bergborrstift nöts, ur 
en synvinkel från en tribolog.  

Först så har egenskaperna hos ett antal bergtyper (kalcit, magnetit, 
hematit, sandsten, kvarts, leptit, glimmerskiffer och granit) utretts, i samma 
mikroskala som nötningen på bergborrar sker. Mätning av hårdheten i 
mikroskala på ett antal mineraler avslöjade att en hårdhet mätt vid hög last 
inte avslöjar de hårdaste mineralerna som kan förekomma i mineralerna som 
normalt kallas mjuka. I en serie reptester där en hårdmetallspets repar berg, 
kartlagdes skillnader mellan bergarternas motstånd på mikronivå. I dessa 
reptester mättes också mikrofriktionen som senare jämfördes med friktionen 
mätt i en mycket större skala. Slutsatsen att skillnaderna i friktion för de 
olika bergarterna inte är orsaken till de mycket olika nötningsmekanismerna 
drogs.

Hårdmetallen utsätts för utmattning från slag och laster då den används i 
bergborrning. Utmattningen består i en del lokala förändringar i bindefasen 
Co, bland annat en del plasticeringar och den vanliga fastransformationen 
från fcc till hcp. En del experiment utfördes för att undersöka utmattningen, 
och det visar sig att mekanisk utmattning gör att hårdmetallen uppträder med 
lägre erosionsmotstånd och andra försämrade mekaniska egenskaper. Dessa 
förändringar gör materialet mer sprickkänsligt, men generellt så verkar dessa 
egenskapsförändringar inte vara avgörande för den kontinuerliga nötningen 
av bergborrstift av hårdmetall. 

Hårdmetall får efter användning i en del tillämpningar ett speciellt 
ytmönster, populärt kallat för reptilhud då mönstret liknar en krokodilrygg 
med platåer och dalar. Dessa dalar leder till en djupare sprickbildning och 
kan göra att ett stift totalhavererar, även om det i övrigt verkar hålla bra och 
nötas lite. En utredning om reptilhudens uppträdande har gjorts och det 
konstateras att det finns en del motsägelser mellan fakta och den vanliga 
förklaringen till reptilhudens härkomst, nämligen att den är ett resultat av 
höga temperaturväxlingar. Därför föreslås en ny modell som beskrivning av 
hur reptilhuden uppkommer, som bygger på antagandet att varje gång en 
bergtopp slår i ytan, så uppkommer en lokal elastisk deformation med 
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påföljande höga dragspänningar, vilka sedermera leder till sprickbildning 
och reptilhud. Denna modell förklarar varför olika kornstorlekar i en i övrigt 
väldigt lika magnetit leder till olika mycket reptilhudsbildning.  

I arbetet med att undersöka bergborrstift togs en ny undersökningsmetod 
fram. Denna metod, målsökande tvärsnittning, bygger på att man spräcker 
stiften där det är intressantast, istället för att polera & etsa ett tvärsnitt. 
Metoden går förstås att använda på andra material också, så länge materialet 
inte endast uppvisar plastiska brott.

Med hjälp av den målsökande tvärsnittningen har ett nytt fenomen 
upptäckts på bergborrstift av hårdmetall, nämligen berginträngning. Varje 
stift som borrat i berg uppvisar ett ytlager där berg och hårdmetall är blandat, 
och många gånger fortsätter berget ännu djupare in i materialet och tar sig 
olika former. Denna berginträngning är av stor betydelse för analysen av 
nötningsmekanismerna, då det de facto inte är ren hårdmetall som nöts, utan 
en blandning av hårdmetall och berg, med helt annorlunda egenskaper.  

Slutligen så görs en sammanläggande studie av nötningsmekanismerna 
för hårdmetall vid bergborrning, med hänsyn till de nya kunskaperna. Den 
nya synen på bergborrsnötning beskriver ett komplex av nedbrytningsmek-
anismer, materialborttagande mekanismer och sprickgenerering.  

Nedbrytningsmekanismerna består av ett byte av materialegenskaper när 
ytlagret på ett bergborrstift blir en blandning av berg och hårdmetall. Sen är 
spräckning av WC-korn, korrosion och oxidering av WC och sprickbildning 
i reptilhuden viktiga nedbrytande mekanismer. Bindefasens nedbrytning 
genom utmattning ansågs av mindre betydelse för bergborrsnötningen, men 
kan vara viktig i andra tillämpningar.   

De materialborttagande mekanismerna beskrivs som a) WC-korn-
krossning och bortförande av kornfragment, b) borttagande av hela WC-
korn, c) krossning och lossning av bindefas&berg-fragment, d) skrapning 
och borthamring av korroderade eller oxiderade lager på WC-korn, samt e) 
borttagning av kompositstora CC-fragment.  

För att minska nötningen av hårdmetallen i bergborrar finns ett antal 
vägar att gå. För att minimera den kontinuerliga nötningen vid borrning i 
hårda bergarter bör man alltså koncentrera sig på att förhindra 
berginträngningen och WC-kornkrossningen. Vid borrning i mjukare 
bergarter så bör man förhindra reptilhudens utbredning genom att minska 
berginträngningen och höja brottsegheten i kompositen.  
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