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Abstract

Wear and degradation of Co, Fe and Ni-based
cemented carbides against sandstone and granite

Felix Jacobson

This diploma work is performed at Sandvik Mining and Rock 
Technology, Rock Tools division, a world-leading mining equipment 
manufacturer. The aim is to study the wear of cemented carbide 
rock drill inserts worn against granite and sandstone 
countersurfaces, with focus on the impact of binder phase 
composition and flushing agent chemistry. A brief introduction to 
rock drilling, cemented carbides and the wear and degradation 
mechanisms of cemented carbides in rock drilling is given. 

Wear is induced in a lab test by sliding cemented carbide inserts 
against granite and sandstone countersurfaces while flushing with 
deionized water or synthetic mine water. The wear is quantified by 
measuring material weight loss, and worn inserts are studied by 
SEM. 

All wear marks feature crushed, fragmented and heavily deformed WC 
grains and cavities left after individually removed WC grains. 
Rock adhere strongly on inserts worn against both granite and 
sandstone, and adhered material from both rock types sometimes 
endure the mechanical contact between insert and rock without 
significant spalling. Inserts tested with deionized water against 
sandstone wear 2.2 - 5.1 times more relative to against granite, 
and the only distinct difference observed is the distribution of 
adhered rock. The use of synthetic mine water relative to 
deionized water impacts the wear of all inserts, though corrosion 
products are only found on some of them. Further, the tribological 
contact greatly impacts the corrosive attack. The relative wear 
difference using different water chemistries is larger for inserts 
with a smaller relative amount of binder. In most cases, increased 
wear is measured for inserts tested with synthetic mine water. For 
reasons yet unknown, this trend is reversed for inserts with a 
high relative amount of binder tested against sandstone, where a 
decrease in wear is measured instead.
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Summary in swedish 

Nötning och nedbrytning av Co-, Fe-, och Ni-

baserade hårdmetaller mot sandsten och granit 

Felix Jacobson 

 

Detta examensarbete har utförts åt Sandvik Mining and Rock Technology, Rock Tools avdelningen, 

som är en världsledande utrustningstillverkare inom gruvindustrin. I arbetet undersöks nötningen av 

så kallade bergborrstift av hårdmetall.  

Berg är generellt ett mycket hårt och sprött material, och borrning i berg går därför i huvudsak ut på 

att krossa och spola bort krossad sten. Längst fram på bergborrar sitter borrkronor som till största 

del är gjorda i stål. Då stål är för mjukt för att effektivt kunna avverka berg monterar man in stift av 

hårdmetall längst fram på borrkronan. Hårdmetall är ett kompositmaterial av mycket hårda men 

spröda wolframkarbidkorn (WC) som hålls ihop av en, jämfört med WC, mjuk och formbar metall 

som kallas bindefas. Resultatet är ett mycket hårt men fortfarande relativt segt material som 

dessutom klarar de mycket höga temperaturer som uppstår vid bergborrning.  

Traditionellt används kobolt som bindefas, men nu tros det finnas hälsorisker med kobolt och 

dessutom sker en stor del av världens koboltutvinning under oetiska förhållanden i konfliktländer i 

Afrika. Detta i kombination med att koboltpriserna ökat dramatiskt de senaste åren leder till att man 

nu söker efter alternativa bindefaser. Bland annat undersöker man olika legeringar av nickel och järn. 

I detta arbete jämförs nötningen av stift med nickel-, järn- och olika koboltbindefaser.  

I ett labtest fås nötning genom att stiften trycks mot en roterande stencylinder av antingen granit 

eller sandsten. I verkliga förhållanden används ofta så kallat gruvvatten som sipprar in i gruvan som 

spolvatten för att ta bort stenkrosset och kyla borrkronan. För att se hur kemin i spolvattnet påverkar 

nötningen spolas kontaktytan mellan stift och stencylinder med antingen avjoniserat vatten eller 

syntetiskt gruvvatten under testerna.  

Stiftens materialförlust under provningen beräknas genom att mäta deras vikt innan och efter. För 

att se om skillnader i nötningshastighet mellan olika stifttyper eller testvillkor avspeglas i olika 

utseenden på slitytorna undersöks stiften med hjälp av ett svepelektronmikroskop (SEM).  

Från SEM-bilderna ser man att alla stift från alla testvillkor har krossade och fragmenterade WC-korn 

på ytan och att stora delar av slitytorna täckts av påkletat berg. Bergpåsmetningarna är ibland 

mycket tunna (< 1 µm) och delvis inblandade i bindefasen, och ibland betydligt tjockare (flertal µm). 

De tjockare påsmetningarna är bundna så pass hårt till ytan att de kan upprätthålla delar av 

kontakten mellan stiftet och berget under testningen utan att lossna. Huruvida detta skyddar 

hårdmetallen från att nötas eller om det påkletade berget reagerar med, och därmed ökar den 

kemiska nedbrytningen av stiftet är inte utrett. Berget skyddar dock den underliggande hårdmetallen 

mot den korrosion som uppstår i kontakt med spolvattnet.  



Resultaten visar att stiften nöts betydligt mer mot sandsten än mot granit. Förutom att 

bergpåsmetningarna har en annan fördelning över ytan så syns inga tydliga skillnader mellan stiften 

testade mot de båda bergarterna. De flesta stiften nöts mer när de testas med gruvvatten än med 

avjoniserat vatten. Detta gäller alla stift utom de som har hög relativ mängd bindefas och som testats 

mot sandsten. Dessa stift nöts tvärt om mindre när de testas med gruvvatten än med avjoniserat 

vatten. Hittills har ingen anledning till denna konsekventa avvikelse hittats.  

 

Examensarbete 30 hp på civilingenjörsprogrammet 
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1. Aim 

This diploma work aims at investigating the wear of cemented carbide rock drill bit inserts with 

different binder phase compositions and relative binder amounts. The wear is induced using an 

existing tribology test method mimicking the underground rock drilling process. 

In specific, the work aims at studying the wear mechanisms of inserts when worn against granite and 

sandstone countersurfaces. Focus is to study the impact of the flushing agent chemistry on insert 

wear by using deionized water and synthetic mine water as different flushing agents. Co-based 

cemented carbides with different relative binder amounts and carbon activities as well as cemented 

carbides with Ni and Fe binders are compared to study the role of the binder on wear. This deepened 

understanding of cemented carbide wear in rock drilling can then be used when designing new insert 

grades to increase their tool life. 
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2. Introduction 

2.1 Rock drilling 

Rock is in general a very hard and brittle material, which allows for very little plastic deformation. 

Rock drilling is therefore based on brittle fracturing of the rock, and the methods for doing so can be 

divided into three main categories: rotary-percussive, rotary crushing and cutting [1]. The present 

work only covers testing of bits meant for rotary-percussive drilling, which is suitable for most rock 

types but mainly used for hard or abrasive rock like granite and sandstone [1]. 

Rotary-percussive drilling is a method most commonly used for drilling blast holes in underground 

mining or construction work. Figure 1 shows a common drill bit used for rotary-percussive drilling. 

The main part, which in this case is coated giving it a golden colour, is made of steel. It is equipped 

with protruding pieces of cemented carbide called buttons or inserts, which are cylindrical and have 

either ballistic, or as in this case, spherical tips.  

In rotary-percussive drilling, the rock is crushed by repeated impacts from the drill bit. Since the 

inserts protrude from the surface, they do the crushing. The drill is rotated so that the inserts 

constantly strikes at new positions on the rock. The impact frequency is typically 50 Hz and the drill 

rotational speed varies between 75-200 revolutions per minute [2]. When drilling, the insert tips 

become blunt, reducing the drilling speed. They can be reground to a spherical shape a small number 

of times. After extensive drilling however, the resulting hole diameter will be smaller than wanted 

due to the drill’s dia eter de reasi g ith ea h regri d, and the drill must be replaced.  

The holes in the front of the drill bit are outlets for pressurized air or liquid called flushing agent. It is 

used both for removing the rock fragments from the front of the drill bit and to cool it. The 

fragments are flushed out through the openings in the front and on the side of the drill bit. In 

underground mining, ground water constantly seeps into the mine. It is common to use this so-called 

mine water as flushing agent due to its abundance.  

 

Figure 1. Rotary-percussive drill bit. The round, dark features are tips of cemented carbide inserts and the hole is an outlet for 

pressurized flushing agent.  
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2.2 Drilling conditions 

Different geographical regions have different geological properties, leading to huge variations in 

drilling conditions. This is mostly due to the vast variations in the mechanical properties of different 

rock types, but also the different chemical properties of the rock and its surroundings. Rock is 

inhomogeneous, meaning that the rock properties can change with drilling distance as well. 

2.2.1 Rock types 

Rock is a natural material consisting of one or more minerals or mineraloids in a solid aggregate. The 

minerals and mineraloids mainly consist of silicon and oxygen, which are the two most common 

ele e ts i  the earth’s rust by far. The two most common mineral groups are feldspar and quartz 

[2]. Feldspars have the general chemical composition XZ4O8, where X corresponds to 

(Ba,Ca,K,Na,NH4,Sr) and Z to (Si,Al,B), and different feldspars often form solid solutions with each 

other [3]. Quartz is SiO2 crystals. Feldspar and quartz are the main components of both sandstone 

and granite, which are the two rock types used for testing the cemented carbide insert wear in the 

present work. All minerals that form rock have different mechanical properties, and since the rock 

they form is not homogeneous, it is hard to classify the ro k’s properties even if you know its 

composition. Properties like hardness, toughness and melting point of rock is therefore better given 

in intervals rather than set numbers [1]. Among mining engineers and within the mining industry, the 

insert tool life is known to be highly dependent on the rock type, and especially its quartz content [1]. 

Sandstone is a sedimentary rock formed when sediment layers transform through a process called 

compaction/solidification. The sediment layers mainly consist of particles from weathering of other 

rocks, which means that the sandstone is built up by clasts of either individual mineral grains such as 

quartz or fragments of rock.  The clasts are glued together by a cement consisting of either calcite 

(CaCO3), silica (SiO2) or both. Sandstone is classified as an abrasive rock and, depending on its quartz 

content, can be very hard.[1] 

Granite is an igneous rock, meaning that it forms when lava or magma solidifies. It is classified as a 

hard, but non-abrasive rock [2]. It consists mainly of feldspar, quartz and mica of varying grain sizes, 

but got lower quartz content than sandstone. Mica is a mineral with complex chemical composition, 

it is not very hard and quite easily break down into individual flakes [5].  

2.2.2 Mine water 

The mine water chemistry is highly dependent on the environment in and around the mine, and the 

ion contents can vary by several orders of magnitude. For example, the mine water in Oruro, Bolivia 

has extremely high chloride content of over 45 000 mg/l due to the salt flats surrounding the mining 

area [6]. In contrast, the chloride content of the mine water from an American uranium mine called 

Church Rock is only 4,8 mg/l [7].  

In this study, a synthetic mine water is used for testing the influence from water chemistry on insert 

wear. The first use of this synthetic mine water chemistry was made by C. Allen, and its original 

purpose was to test the corrosion response of galvanized steel used in South African gold mines [8]. 

It has later been used for corrosion testing of cemented carbides in studies made by J.M. Tarragó et 

al. [9] and M. Olsson [10]. Allen does not present any source for this particular chemistry. When 

compared to compositions from different mines worldwide, one can conclude that the water pH of 

roughly 6.7 is in the interval of many published papers regarding the chemistry of mine waters 

[6,7,11-13]. It should be noted that the chloride concentrations in this solution is higher than in most 

published mine water chemistries, yet far from those near the Bolivian salt flats, which is to be 
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regarded as extreme. All ion concentrations are high as compared to mine water in Swedish mines. 

The full water chemistry comparison is presented in Appendix A1.  

The reasoning behind using this particular chemistry in this study, apart from it being representative 

of some real mining conditions and exaggerating the influence from the different salts, is that it 

makes the results comparable to those from earlier studies made by Tarragó [9] and Olsson [10].  

2.3 Cemented carbide 

Cemented carbide, hereafter referred to as CC, is the most commonly used material for making rock 

drill inserts. It is a composite consisting of a hard phase of tungsten carbide (WC) and a ductile 

metallic binder phase which is relatively soft when compared to the hard WC. The result is a very 

hard, yet quite tough material also at elevated temperatures, which is ideal for the extremely tough 

conditions the inserts are exerted to.  

Traditionally, cobalt is used as the binder phase due to its wettability and adhesion to tungsten 

carbides, as well as its mechanical properties. However, there is a constant development process 

trying to optimize CCs, binder included. Reports of health issues connected to cobalt dust exposure, 

unethical treatment of the cobalt ore miners and increasing cobalt prices push the search for 

alternative binder phases. Also, cobalt has issues with oxidation and corrosion, wherefore alternative 

binder phases such as nickel and iron and different alloys based on these together with cobalt are 

investigated.  

The hard phase grain size has a major influence on the CC hardness and toughness. Finer grains give 

high hardness, but lower toughness at equal binder content. CCs can also be characterized by the 

binder mean free path, which is the average thickness of the binder phase in-between the hard 

phase grains. The mean free path therefore depends on the average hard phase grain size and the 

amount of binder [14]. 

One important parameter in the manufacturing of CC from powder is the so-called carbon activity, 

which is the tendency for carbon atoms to leave the binder phase and form other phases, in this case 

WC. Apart from carbide and binder phase, graphite is always added to the CC powder mix before 

agglomeration. In the sintering process, carbon will dissolve into the liquid binder. If too little 

graphite is added, some of the carbon originating from the WC grains will instead be dissolved in the 

binder phase when it solidifies. The carbon deficient material then forms a new carbide phase with 

either M6C, or, at lower temperatures, M12C-type called the eta(η)-phase, where M corresponds to 

(W,Co)[15,16]. It is an undesired phase as it is very brittle. If too much carbon is added, the binder 

phase will be carbon saturated and the excess carbon will form graphite precipitates as the material 

cools down. The graphite phase is also undesired as it is very soft. This means that if the carbon 

activity is too low, the resulting material will be a WC-Co-η three-phase instead of the desired WC-Co 

two phase material, and in the same way, too high carbon activity yields a WC-Co-graphite three-

phase material [15]. However, there is some room for variations in carbon content even within the 

two-phase region. This so-called carbon window is marked in green in the W-Co-C phase diagram, 

Figure 2. The composition is assumed not to change below 1000°C due to low mobility [16].  
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Figure 2. Phase diagram of the Co-W-C system with the carbon window highlighted in green. The disired two-phase region of 

WC-Co is limited by the WC-Co-eta and the WC-Co-Graphite three-phase regions. Image courtesy of  S. Norgren, Sandvik. 

In the two-phase region, the properties of the material change with varying carbon activity. With 

increasing carbon activity, the average WC grain size increases and the grain size distribution widens 

[16]. As previously explained, this also changes the mechanical properties of the material. Another 

property that depends on the carbon activity is the amount of tungsten in the binder, and the lower 

the carbon activity, the more tungsten is dissolved, as can be seen in the isothermal cut of the phase 

diagram shown in Figure 3. The tungsten atoms solution hardens the binder phase, and increased 

tungsten content increases both the binder hardness as well as its corrosion resistance.  

 

Figure 3. Magnification of an isothermal cut of the Co-W-C phase diagram. The cut is made at 1000°C, below which the final 

composition of the phases is assumed to be unchanged. The black lines in the Co(fcc) zone are carbon isoactivity lines.[16] 

Points a and b indicates the lowest and highest possible W atomic fractions in the binder as a function of the C fraction.  
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2.4 Wear and degradation mechanisms of cemented carbides in rock 

drilling 

Even though several publications on the wear of CC inserts used for rock drilling [2,17-28] agree on 

the general wear mechanisms, no consensus has been reached on which wear mechanisms and 

proceeding deterioration processes have the greatest impact on the wear. This is probably in part 

due to the studies being conducted on different CC and rock materials and from different test 

conditions, leading to different observations. Though the authors’ e pla atio s differ, the  agree 
that the combined wear mechanism is complex, as individual mechanisms might operate 

simultaneously and independent from each other. 

In a literature survey by Larsen-Basse [18], the wear is proposed to take place by impact, impact 

fatigue, thermal fatigue and abrasion. Later work by Beste [2] instead concludes that the material is 

removed by the following mechanisms: 

• crushing of individual WC grains and release of fragments 

• detachments of whole or part of WC grains losing their hold in the structure 

• crushing of binder/rock mixture and release of fragments 

• scraping and pounding off of corroded or oxidized superficial layers on the WC (tribochemical 

wear of the carbides) 

• detachment of composite-scale fragments 

These removal mechanisms are proposed to be proceeded by deterioration mechanisms organised 

into five classes: 

• rock cover formation, rock intermixing and rock penetration 

• embrittlement and degradation of the binder phase 

• composite-scale crack formation 

• cracking of single WC grains 

• oxidation and corrosion of WC grains 

Beste further concludes that the first two removal mechanisms are responsible for most wear of 

inserts exposed to hard rock types such as the granite and sandstone studied in the present work. 

This conclusion is drawn based on observations of a smooth appearance of the wear mark in low 

magnification, indicating that the material is removed as small particles. In higher magnifications, the 

surface features heavily deformed and cracked WC grains, observed both by Beste [2] and Olovsjö et 

al. [17]. The degradation by cracking of single WC grains leading to the crushing and release of WC 

fragments is supposed to originate from the repeated impacts. However, lab tests only featuring 

sliding contact [20,27,28] result in the similar appearance with WC grains, suggesting that the impact 

is not the only source.  

Large areas of the inserts are covered by rock after drilling [2,17,18,20,24,27,28]. Studies of the initial 

wear show that rock adhere even at a very early stage [17,25,26]. Rock is also intermixed in the CC, 

and Beste observed rock penetration channels reaching tens of micrometres into the insert. Although 

many other studies find intermixed rock, they have failed to find such deep rock penetration. The 

intermixing of rock changes the CC to a new composite material of WC grains in a binder/rock 

mixture matrix, suggested to have a negative effect on the wear [2].  

The adhered rock is reported to have a strong adhesion to the CC. Olovsjö et al. [17] argues that it is 

unclear what effect the adhered rock got on the CC wear, as it could both protect the CC from 
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mechanical wear and increase the chemical wear by reactions between the CC and rock. The latter 

claim is strengthened by observations made by Jones et al. [24], where Co silicates are found on a 

worn insert. They argue that the formation of Co silicates accelerates the wear by removing the 

supporting Co binder from the surrounding WC grains.  

A decrease in binder content near the surface has been reported by several authors, though their 

explanations differ [2,17,22,23,30]. Some argue that it is caused by selective removal of the binder by 

abrasion. Larsen-Basse [18] believes this to be connected to the WC grain size, binder hardness and 

binder mean free path. Larger WC grains supposedly reduce the abrasive wear by having a 

shado i g effe t  of the binder, meaning that larger grains prevent abrasion of binder close behind 

them in the sliding direction, and where increased mean free path allows for more extensive abrasive 

removal. Some studies find that the binder is removed by extrusion from the surface region 

[10,18,25,26], whereas others fail to find signs of extrusion as a significant mechanism of binder 

removal [2,22,23]. Beste instead concludes that the main mechanism of binder removal is crushing 

and fragmentation of the embrittled binder/rock mixture, similar to the wear of the WC grains.  

2.5. Corrosion and tribochemical wear 

The corrosion rate dependens on temperature, pH and conductivity of the corrosive medium. In 

neutral and acidic solutions, the corrosion of CC is dominated by binder phase oxidation and 

dissolution whereas the WC-grains are not affected to the same extent [23]. Hence, the chemical 

composition of the binder has a large influence on the overall corrosion resistance of the CC. Alloying 

the binder may therefore increase the CC corrosion resistance [9]. In alkaline solutions, the binder 

phase passivates, and the WC shows active dissolution.  

Tarragó et al. and Olsson tested the corrosive behaviour of CCs when exposed to a synthetic mine 

water solution [9,10]. Both studies showed that immersion of CC into synthetic mine water result in 

pit formations corresponding to binder phase pockets. Tarragó et al. shows that the corrosion rate 

decreases with increased immersion time and that the corroded CC gave reduced mechanical 

strength of the composite as well as micro crack formation down to several micrometres below the 

surface. Olsson showed that no corrosion pits form on a CC surface which has been plastically 

deformed by scratching it with a diamond stylus prior to the immersion. Instead, the surface seems 

to corrode uniformly. Olsson concludes that this is due to an extruded film of binder phase covering 

the surface.  
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3. Experimental 

3.1 Cemented carbide grades 

Eight cemented carbide grades with different binder phase compositions and volume fractions are 

studied. A list of the complete set is shown in Table 1. In this report, the insert grades are given 

names consisting of three parts; 

1. binder type – either Co, Fe or Ni 

2. binder volume percentage – either 20 or 10 

3. carbon activity – denoted with letters H, M or L corresponding to high (near graphite limit), 

middle of carbon window and low (near η-limit) respectively. 

Table 1. List of the insert grades tested in the project.  

Sample name Binder 

phase 

Approximate 

binder vol.% 

Carbon 

activity 

Hardness 

[HV3] 

Average density 

[g/cm3] 

Co20H Co 20 High 1286 14.38 

Co20M Co 20 Middle 1259 14.43 

Co20L Co 20 Low 1286 14.48 

Fe20 Fe 20 Middle* 1255 14.09 

Ni20M Ni 20 Middle 1087 14.47 

Co10H Co 10 High 1471 15.03 

Co10M Co 10 Middle 1496 15.05 

Co10L Co 10 Low 1555 15.08 

* The Fe-WC two-phase carbon window is narrow, meaning there is very little room for variations 

from a practical point of view. 

All samples are tested in the as si tered  condition, meaning that they have not undergone any 

treatment such as grinding or tumbling after sintering. They are cylindrical in shape with a half 

sphere tip with a diameter of approximately 10 mm.  

Microstructure images, by SEM, of selected cemented carbides are presented in Figure 4.  
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Figure 4. SEM images of polished cross-sections of a) Co10M b) Co20M, c) Fe20, d) Ni20M. Areas with light contrast are WC 

grains and areas with darker contrast are binder phase.  

3.2 Laboratory test setup 

3.2.1 Test rig 

The tests are conducted in a lathe comprising a rock cylinder, as first described by J. Angserud et al. 

[20]. The inserts are pressed against the rotating rock cylinder during a constant axial feed. This 

ensures that the insert always meets new rock. The load at which the insert is pressed against the 

rock can be altered using a spring, and an automatic pneumatic lever is used to control the engaging 

and disengaging of the insert against the rock. The load is recorded using a compression load cell 

(FUTEK LLB250) mounted between the insert holder and the spring. Water at room temperature is 

continuously fed right above the contact point between the insert and the rock using a peristaltic 

pump. A schematic image of the test setup can be seen in Figure 5. 

 

Figure 5. Schematic image of test setup. Image courtesy of C.J. Hassila [27].  

b) a) 

d) c) 
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The pneumatic lever is controlled with a LabVIEW program, where the engaging and disengaging of 

the insert is controlled by the sliding distance, that is, the distance the insert travel in contact with 

the rock. The input used is the number of revolutions, which is converted into slding distance by 

multiplying with the rock cylinder circumference, which is measured using a measuring tape.  

As the inserts are tested against the rock, the rock surface wears increasingly uneven by each 

passing. The rock wear less with increasing sliding distance, which results in the rock wearing to a 

conical shape as well. An illustration of surface roughness and cone shape of the sandstone cylinder 

after 10 tested inserts is shown in Figure 6, where the feed is from left to right.   

 

Figure 6. Sandstone cylinder after 10 tested inserts. The blue ellipse marks a large pit on the surface. The red line is drawn to 

clarify where the original surface was before the set of inserts were run against it. The rock outline under the red line has been 

highlighted in black so that it is easier to distinguish from the background.    

The conical shape of the rock makes it necessary for the spring to be adjusted throughout the test to 

maintain a constant load. To counteract this as well as a jumping motion the inserts experience when 

passing over the pits, the rock is reshaped by turning. This restores the cylindrical shape and a 

relatively smooth surface. After reshaping, a dummy insert is run across the rock. This is performed 

due to earlier studies indicating that the wear rate of inserts run against a freshly reshaped rock is 

slightly higher than those run against rock already worn by other inserts [29].  At present, there is no 

clear limit of the number of inserts that can be run before the rock needs reshaping. For 

convenience, in this work the reshaping is done after each test set, meaning that a maximum of ten 

inserts including the dummy insert have been run for both rock types.  

3.2.2 Test parameters 

Granite, G, and sandstone, S, are used as countersurfaces in this work, and two different water 

chemistries are used as flushing agents: deionized water, D, and synthetic mine water, M. The 

synthetic mine water is used to mimic field conditions in underground rock drilling where mine water 

is used as flushing agent. There are four possible pairings of these rock and flushing agents, granite 

with deionized water (GD), granite with synthetic mine water (GM), sandstone with deionized water 

(SD) and sandstone with synthetic mine water (SM).  

The sliding distance is set constant to 150 m and the load to 200 N. The axial feed rate is set to 0,334 

mm/rev, and even though the same lathe settings are used, the rotational speed vary between 190 

rev/min to 290 rev/min due to the lathe. Also, the rotational speed gradually decreases during each 

test. Since the engaging and disengaging is controlled by the number of revolutions, this has no 

impact on the sliding distance. 
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All test sets are repeated three times for increased data certainty and reduced risk of conclusions 

being drawn on statistical outliers. In case the ordering of inserts within a test set influences the 

wear, the grades are run in a controlled ra do ized  order, making sure that the three inserts of 

each grade are spread out evenly in the different test sets. Each test set is run from start to finish 

without break, again to minimize the risk that something with the test setup changes and affect the 

results. The order of all test sets is presented in Appendix A3.  

3.2.3 Synthetic mine water preparation 

The recipe and the different salts used to make the synthetic mine water is found in Table 2. These 

are added to deionized water and dissolved by alternating between stirring and heating the solution 

by shaking and submerging the container in a sink filled with hot tap water. All the synthetic mine 

water is made at the same occasion, but for convenience when handling and mixing the solution, it is 

made in 5 batches of 10 litres each. To minimize concentration variations between different test sets, 

equal parts from each batch are mixed when refilling the water container that is connected to the 

pump. 

Table 2. List of chemicals and their respective concentrations used to make the synthetic mine water. 

Substance Concentration [mg/l] (ppm) 

CaCl2 1 040 

Na2SO4 1 240 

MgSO4 200 

NaCl 1 380 

 

3.2.4 Sample preparation 

The inserts are marked by cutting a small grove on the cylindrical surface far from the tip, ensuring 

that it will not impact the inserts test performance. By always mounting the inserts with the markings 

facing the same direction in the test rig, they are used to mark the direction the rock travelled 

against the inserts.  

The density and magnetic properties of all inserts are measured after the marking, thus making sure 

that all inserts of the same grade have comparable properties. Inserts with properties deviating from 

others of the same grade are discarded. Given that the measurements are equal, the inserts are then 

supposed to have equivalent porosities and similar amounts of binder phase and grain sizes, as these 

are related to the density and magnetic properties respectively.  

Prior to testing, all inserts are wiped clean with tissues using ethanol. After testing they are removed 

from the test rig as quick as possible and rinsed with deionized water before being submerged in an 

ultrasonic bath with deionized water for 2 minutes. After the ultrasonic bath, they are sprayed with 

ethanol and blown dry with pressurized air. The rinsing and the ultrasonic bath are used to dilute the 

salts from the synthetic mine water as much as possible to reduce their effect on the surface after 

testing. In earlier work in a pre-study, these steps where not made, see Appendix A4. When the wear 

marks were studied in SEM, salt crystals that formed when the water evaporated covered parts of 

the surface. As it is the momentary state of the wear during testing that is of interest to this study, 

this new cleaning method is used to circumvent salt crystals forming on the surface and to reduce 

the insert corrosion after testing. The ethanol cleaning and the air gun is used to dry the surface 

quicker and to avoid drying stains. The inserts tested with deionized water were treated equally. 
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Selected inserts are mounted in conductive Bakelite for cross-section studies by SEM. The inserts are 

then cut through roughly half a millimetre from to the wear mark centre, transverse to the sliding 

direction, then ground and polished down towards the centre.  

3.2.5 Modifications to the test setup 

Measuring the number of revolutions is a new way of controlling the engaging and disengaging, 

where similar tests made prior to this diploma work were controlled measuring the time in contact. 

To achieve the target sliding distance with the old setup, the time stop condition had to be calculated 

by predicting the rotational speed of the lathe before each test. Since the rotational speed has 

proven to be far from constant [27-29], this new setup offers a better control of the sliding distance. 

From the first few tests, it was apparent that something was wrong with either the load 

measurement or the spring loading. This was found to be due to the countersurface to the load cell 

being uneven. This meant that when the sample holder moved due to the vibrations, the distance to 

the spring changed slightly, hence changing the spring load. This was circumvented by adding a 

planar stainless-steel piece as a new countersurface, resulting in a more stable load. The result from 

these early tests are discarded to eliminate the load uncertainties.  The difference this change made 

can be seen in Figure 7.  

 

Figure 7. Examples of load measurements from tests before and after a planar countersurface was added to the load cell in 

the test setup. Only the modified test setup is used in this work.  

 

3.3 Measurements 

3.3.1 Quantification of wear 

All inserts are weighed before and after testing. The insert wear is defined as the worn volume, 

hi h is al ulated fro  the eight differe e efore a d after testi g di ided  the i serts’ 
individual densities, see Appendix A4.  

3.3.2 SEM analysis 

After testing, the worn surfaces and cross-sections in wear marks of some selected inserts are 

analysed by imaging using a Jeol JSM-7800F scanning electron microscope (SEM). The inserts are 

cleaned by rinsing the surface with ethanol and blowing it dry to remove dust and other loose 

particles before they are studied in SEM. 

Most of the SEM images are obtained using an electron beam voltage of 3 kV. This voltage is used as 

all rock adhesions and other small features are of great interest to this study, and already at 5 kV 

some of the surface features are missed due to an increased information depth. However, the low 

voltage gives rise to surface charging in some areas. The charging of the surface means that some 

areas are difficult to image, and some SEM images therefore have poor resolution and contrast.  
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The goal of the imaging is to capture the general look of the worn surfaces of the different grades run 

under different test conditions. The images are taken in the same position of the wear marks on all 

samples, marked in red in Figure 8. They are the middle, front, back and the sides of the wear mark in 

relation to the sliding direction. All inserts are rotated so that the sliding direction of the rock relative 

the insert is always from the top to the bottom in all SEM images.  

 

Figure 8. SEM image of a wear mark. The approximate outline of the wear mark is marked with a dashed yellow line, the 

sliding direction of the rock is marked with a white arrow, and the approximate locations where most of the SEM imaging is 

made are marked with red squares.  

The choice of which samples that have cross-sections prepared and analysed is based on 

observations from the SEM analysis of the wear marks in combination with the results from the 

quantitative measure of wear. The goal of the cross-section analysis is to complement the wear 

surface analysis with an overview of the surface profiles, and to see if there for example are any 

cracks or binder extrusions visible beneath the surface. 
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4. Results 

4.1 Wear test and quantification 

The average worn volumes of all inserts are presented in Figure 9. The relative wear of inserts of the 

same grade but tested under different conditions are presented in Table 3. The results are calculated 

from the raw data presented in Appendix A2. 

 

Figure 9. The average worn volume of the inserts from all tests. The blue and orange bars correspond to inserts tested against 

granite with deionized water and synthetic mine water respectively, and the grey and yellow bars correspond to inserts tested 

against sandstone with deionized water and synthetic mine water respectively. The error bars mark the maximum and 

minimum values measured from the three test repetitions of each grade-test condition combination.  
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Table 3. The relative wear between inserts of the same grade but tested under different conditions. Relative decreases are 

marked in red. The first three rows show wear relative that of inserts tested against granite with deionized water, and the 

forth row show wear relative that of inserts tested against sandstone with deionized water.  

GD: Granite + Deionized water, GM: Granite + Mine water, SD:  Sandstone + Deionized water, SM:  Sandstone + Mine water. 

Relative wear between 

different test conditions 

Co20H Co20M Co20L Fe20 Ni20 Co10H Co10M Co10L 

GM/GD 1.3 1.4 1.1 1.3 1.2 2.1 2.1 1.7 

SD/GD 4.3 3.5 3.4 3.4 3.0 5.1 3.2 2.2 

SM/GD 3.5 3.3 2.7 2.9 2.0 8.0 6.5 3.9 

SM/SD 0.82 0.94 0.81 0.85 0.67 1.6 2.1 1.8 

 

In Figure 10 andFigure 11, the worn volume of the individual inserts from all test sets performed 

against sandstone with deionized water are presented as an example of the individual insert wear for 

the same test condition. In Figure 10, the order the inserts are tested within each set is marked with 

a number above each bar, and in Figure 11, the average rotational speed of the lathe during each 

test is plotted against insert wear.  

 

Figure 10. Wear of inserts tested against sandstone with deionized water from all three test sets. The numbers above the bars 

are the ordering in which the inserts were tested in each set. Blue, orange and grey bars correspond to test sets 1, 2 and 3 

respectively. Another grade is tested in the same test series, but the results are not presented in this report. This explains the 

lack of number 6, 1 and 4 from the respective test sets.  
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Figure 11. Lathe average rotational speed plotted against wear of inserts tested against sandstone with deionized water from 

all three test sets.  

The following are the main observations from the quantitative wear measurements: 

• No trends coupling the wear to neither the set number, the ordering within the sets nor the 

average rotational speed of the lathe are found as illustrated against sandstone with deionized 

water in Figure 10Figure 11. 

• There are great differences in wear when comparing inserts tested against granite and 

sandstone. With deionized water, the inserts wear between 2.2 to 5.1 times more against 

sandstone relative granite.  

• The 20 vol.% Co-grades wear more than the corresponding 10 vol.% grades in all test conditions. 

4.3 and 2.7 times higher volume loss were recorded against granite and 4.9 and 2.4 times against 

sandstone with deionized and synthetic mine water respectively. 

• Ni20M wear 1.6 times more than the Fe and Co 20 vol.% grades, which wear equally.  

• In general, the wear is higher in tests with synthetic mine water than with deionized water. This 

stands true for all grades tested against granite and for the 10 vol.% inserts tested against 

sandstone.  

• The trend in the last observation is reversed for all 20 vol.% binder grades tested against 

sandstone. That is, the wear of these grades is lower when tested with synthetic mine water than 

with deionized water. 

• The wear of Co-grades is less on the 20 vol.% compared to the 10 vol.% grades when tested with 

synthetic mine water relative to deionized water. The ratios were between 1.14 - 1.35 compared 

to 1.7 - 2.1 respectively for granite and 0.67 - 0.94 compared to 1.6 - 2.1 for sandstone.  

• There is no difference in wear between the different carbon activity Co-grades tested against 

granite with deionized water. When tested against sandstone, there is a trend of decreased wear 

with decreased carbon activity.  

• The variations in wear between Co-based inserts of the same grade, especially the 20 vol.% ones, 

are in the same order of magnitude as the differences between the grades. 
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• It is observed that the low carbon activity Co-grades had a smaller relative wear when tested 

against granite with synthetic mine water relative deionized water as compared to Co-grades 

with high and middle carbon activity. This is not the case when tested against sandstone.  

In Figure 12, the average worn volume of each insert is plotted against the insert hardness. The 

overall trend shows decreased wear with increased hardness for all test configurations. 

 

Figure 12. Average worn volume plotted against insert hardness. The blue and orange dots correspond to inserts tested 

against granite with deionized and synthetic mine water respectively, and the grey and yellow dots correspond to inserts 

tested against sandstone with deionized and synthetic mine water respectively. From low to high hardness, the dots 

correspond to grades Ni20M, Fe20, Co20M, Co20H, Co20L, Co10H, Co10M, Co10L. 
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4.2 Wear characterization 

Four of the eight grades are analysed with SEM. From earlier work by the author, it had proven 

difficult to see any differences in the wear marks of grades with different carbon activity, see 

Appendix A4. Therefore, the grades with carbon activity corresponding to the middle of their two-

phase regions are chosen for the SEM-analysis in the present work (Co20M, Fe20, Ni20M, Co10M). 

Four of each grade, tested under the different test conditions, are analysed.  

In Figure 13, the three main features found on all samples are presented, namely WC grains, binder 

or binder/rock mixings and adhered rock. It should be noted that the contrast and brightness settings 

vary between all images presented, and no direct comparisons of the contrast of phases or features 

in different images should be made.  

 

Figure 13. SEM image of the wear mark surface of a Co20M insert tested against granite with deionized water. WC grains 

marked out with red arrows, binder phase or binder/rock mixings with white arrows and adhered rock with yellow arrows. The 

white areas of the image, mostly appearing on the adhered rock in the bottom left corner, are overexposed either due to 

surface charging or edge effects. 

The amount of rock that adhere to the surface varies a lot between different samples. This can be 

seen in Figure 14, where low magnification SEM images of the wear marks of Co10M inserts tested in 

all four different test conditions are presented. The features that appear darker in these images are 

areas of rather thick adhered rock. No trend of different grades having more or less area covered in 

rock is observed. When comparing the wear marks in this low magnification, there are indications 

that inserts tested against granite have larger chunks of adhered rock as compared to inserts tested 

against sandstone. 

However, the rock covering appears differently in low and high magnification, meaning that surfaces 

which in a low magnification looks free from adhered rock may be covered with smaller adhered 

particles, both on top of the surface and/or intermixed with the binder phase. Such smaller adhered 

or intermixed particles can be observed in Figure 13.  
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Figure 14. SEM image overviews of wear marks of Co10M inserts, where a) is tested against granite with deionized water, b) 

against granite with synthetic mine water, c) against sandstone with deionized water and d) against sandstone with synthetic 

mine water. The direction the rock has travelled in relation to the inserts are marked with white arrows. The layer over all 

wear marks are copper tapes that are introduced to reduce the risk of surface charging. 

In low magnification, three different rock covering regimes are distinguished for inserts tested both 

against granite and sandstone:  

I. areas completely covered with thicker adhered rock,  

II. areas partly covered with rock with some WC grains still visible 

III. areas free from rock even at high magnification.  

These regimes are observed in Figure 15 a) and b), where the inserts have been tested with 

deionized water against granite and sandstone respectively. When observed at high magnification, 

most of the surface tested against sandstone is partly covered in adhered rock, indicating that the 

actual rock covering is larger for inserts tested against sandstone than against granite.  

b

) 

a) 

d

) 

c) 
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Figure 15.SEM images of the surface of Co10M inserts tested with deionized water against a) granite and b) sandstone. Both 

images feature areas completely covered with adhered rock (white), areas that are partly covered with rock with some WC 

grains still visible (red) and areas that in this magnification looks free from adhered rock (yellow).  

In some images, it is hard to distinguish between the different phases, especially thin rock adhesions 

and binder phase. This is illustrated in Figure 16, where two different acceleration voltages are used 

to distinguish between surface and bulk features. Areas with rock or binder/rock mixtures that are 

visible in Figure 16 a), where 3 kV acceleration voltage is used, become electron transparent in b), 

where 10 kV is used. These thin features instead appear as shadows  at  kV, a d are easily 

interpreted as pits. Whether the adhered rock protrude from the surface or is in level is hard to tell 

unless the sample is tilted.  

  

Figure 16. SEM images of the surface of a Co20M insert tested against sandstone with deionized water. a) is obtained with 3 

kV acceleration voltage and b) with 10 kV. With the higher acceleration voltage used in b), some of the sandstone or 

sandstone/binder mix seen in image a) is electron transparent, appearing only as a shadow-like feature.  

For all grades at all test conditions, most of the microscopic rock adhesions and/or intermixing 

appears either on top of, or in the surface binder phase pockets. This can be seen in Figure 13, Figure 

16 and later in the report, also in Figure 19 and Figure 20.  

b) a) 

b) a) 
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The rock adhere strongly to the CC, as evident by the fact that it sticks to the surface even after two 

minutes in ultrasonic bath as well as the insert handling and transportation after testing. Another 

proof of the strong bond between the adhered rock and the CC can be seen in Figure 17, where the 

adhered rock endures cracking and heavy deformation by scratching from the countersurface 

without spalling. This in turn changes the tribological system from CC-rock to local rock-rock contact. 

 

Figure 17. SEM image of Co20M tested against sandstone with deionized water, mainly featuring adhered rock. The almost 

vertical groves on the adhered rock are scratches, and the rock is cracked, as indicated by the white arrows. The horizontal 

lines are artefacts from imaging. 

Apart from adhered rock, crushed and fragmented WC grains and cavities after individually removed 

WC grains as well as plastically deformed WC grains, with visible shear bands were identified on all 

inserts, see Figure 18. 
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Figure 18. SEM image of Co10M insert tested against granite with deionized water. The image features some of the wear and 

degradation mechanisms, namely crushing and fragmentation of WC grains (yellow arrow) and presumably also removal of 

individual WC grains (blue). It also features plastically deformed WC grains (red) where slip lines are seen on the surface and 

WC fragments (white arrow) left in the binder. A magnified image of the plastically deformed grain from the bottom of the 

image is inserted in the top right corner. 

The features shown so far are, as previously stated, present on all inserts. 

To a great extent, the different inserts look similar, however, some differences between the different 

grades are observed. The Ni-inserts have areas where the whole surface is flattened, as seen in 

Figure 19 and in Figure 20, where a close up of an extreme case of this is shown. In Figure 20, the WC 

grain facets line up along the flattened surface in level with the binder. Flattened areas appear on 

other grades as well, but they are neither as pronounced nor as common as on the Ni grade.  

Furthermore, in Figure 20, voids or cracks are observed, either in the interface between different WC 

grains or, more often at the interface between WC grains and the binder phase. These features 

usually appear on the side from which the counter surface slide. It should be mentioned that these 

cracks and voids are observed on several inserts, but not to the same extent as on the Ni-grade.  
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Figure 19. SEM image of a Ni20M insert tested against granite with deionized water. The surface in the middle of the image is 

flattened.  

 

Figure 20. SEM image of a Ni20M insert tested against sandstone with synthetic mine water. The surface is heavily flattened. 

Some voids or cracks that have formed in the interface between WC grains and the binder are marked in red.  
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In Figure 21, some trans granular scratches in the sliding direction are observed on the surface of a 

Ni20M insert. The scratches are present both on top of WC grains and on the binder phase. Similar 

scratches can be seen to some extent in Figure 20.  Such scratches are only observed on the Ni grade.  

 

Figure 21. SEM image of a Ni20M insert tested against granite with deionized water. The surface features trans granular 

scratches in the sliding direction. The scratches appear both on the WC grains and on the binder phase, as indicated by the red 

arrows. 

No traces of corrosion were observed for the Co and Ni grades, with the only exception of Co20M 

tested against granite with deionized water. On the contrary for the Fe inserts, brown corrosion 

products around the wear marks were observed with the naked eye when tested in mine water. In 

SEM it is observed that wear marks of Fe inserts tested both with deionized water, Figure 22 a), and 

synthetic mine water, Figure 23 a) are covered in corrosion products. However, roughly a millimetre 

to the side of the wear mark, there is a clear distinction between inserts tested with deionized water 

and synthetic mine water, as shown in Figure 22 b) and Figure 23 b).  

With deionized water, the surface outside the wear mark appears unaffected, even though this area 

has been exposed to water for a longer time during testing than the area inside the wear mark, 

considering the constant material removal. When tested with synthetic mine water, the surface 

outside the wear mark has corroded, but the corrosion product has a different morphology. The 

Co20M corrosion products mentioned earlier look similar to the ones found on Fe containing 

samples, though smaller in size and hard to distinguish despite using higher magnifications, Figure 

24. 

In Figure 23 a), the surface closest to the adhered rock to the right in the image is free from corrosion 

products. In this area, the same kind of voids or cracks shown in Figure 20 are seen.  
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Figure 22. SEM images of a Fe20 insert tested against granite with deionized water, a) within the wear mark and b) roughly a 

millimetre outside of the wear mark in a spot exposed to the water during testing. The light formations in image a) are 

corrosion products, meaning that the wear mark surface is heavily corroded whilst the surface outside the wear mark is 

unaffected.   

  

Figure 23. SEM images of a Fe20 insert tested against granite with synthetic mine water, a) within the wear mark and b) 

roughly a millimetre outside of the wear mark in a spot exposed to the water during testing. To the right in image a) is a thick 

layer of adhered rock. The surface has corroded both inside and outside the wear mark, though the corrosion products of the 

two areas look different. Voids or cracks similar to those seen on the Ni grades are marked in red. 

b) a) 

b) a) 
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Figure 24. SEM image of Co20M tested against granite with deionized water, where some corrosion products can be observed. 

SEM images of insert cross sections are presented in Figure 25Figure 29. The surface profiles of all 

inserts are locally flat, see for example in Figure 25, and locally curved and uneven, like in Figure 26. 

No signs of extensive binder extrusion near the surfaces are found on any inserts. 

In most images in Figure 25Figure 29, a contrast variation can be seen in the binder pockets closest 

to the surfaces, indicating a change from the original binder composition or morphology. 

  

Figure 25. SEM images of cross-sections of a) Co20M tested against granite with deionized water and b) Co10M tested 

against granite with synthetic mine water. Whether the thin layer on top of the surface is adhered rock or Bakelite is 

unknown. Neither insert show any unambiguous evidence of binder extrusion near the surface. Apart from the differences in 

binder amount, the inserts look similar.  

b) a) 
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In Figure 26, shallow cracks along the surface is present. These were observed in the Co20M and 

Ni20M cross-sections of samples tested against both granite and sandstone. In the cracks, a phase  

with a contrast darker than both binder and WC is found. 

 

Figure 26. SEM image of a cross-section of a Co20M insert tested against sandstone with deionized water. The image features 

a horizontal crack a few grains below the surface with the presence of a phase which is darker in contrast compared to both 

WC and binder.  

Locally along the top 4-6 µm of the Fe20 inserts surface, areas with darker contrast compared to 

both WC and binder are found, indicated by arrows in Figure 27 andFigure 28.  

These only appear on the Fe grade and in areas covered by adhered rock, and they are frequently 

found on the insert tested with deionized water. 

  

Figure 27. SEM image of Fe20 inserts tested against sandstone with a) deionized water and b) synthetic mine water. There are 

areas with darker contrast corresponding to binder pockets below the adhered rock on the surface, indicated by arrows. 

b) a) 
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Figure 28. SEM image of Fe20 insert tested against sandstone with deionized water. It features a close-up of the same kind of 

areas with darker contrast as those found in Figure 27 a), indicated by the arrow. 

Figure 29 a) and b) displays cross-sections of Ni grades tested with deionized water against granite 

and sandstone respectively. Several surface cracks as the ones shown in Figure 29 a) and Figure 26 

are found on the Ni insert tested against the granite, whereas none are found on the one tested 

against sandstone.  

In Figure 29, dark areas like the one found in the surface cracks is integrated with the top WC grain 

layers. Similar areas are found in cross-sections of all inserts, but they cover larger parts of the Ni 

surfaces in contrast to the other grades. 

  

Figure 29. SEM images of Ni20M inserts tested with deionized water against a) granite and b) sandstone. Image a) features a 

surface crack filled with a phase which is darker contrast as compared to WC and the binder phase. Image b) features grains 

which seemingly are bound to the surface with the same dark contrast phase as in a).  

b) a) 
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5. Discussion 

5.1 Test method 

In this work, all inserts were carefully examined with regards to density and magnetic properties, see 

part 3.2.4. The different inserts of the same cemented carbide grade should be regarded equal in 

terms of porosities, grain size distribution and amount of binder.  

During testing, the spring load was adjusted so that the load was always within a few Newtons from 

the targeted 200 N. The test improvement made in this work, with a new engaging and disengaging 

control setup of measuring the momentary rotational speed, proved to be stable, minimizing earlier 

possible variations in sliding distance.  

An earlier study, made with a similar test setup, showed higher wear for the first two inserts tested 

after regrinding [29]. With the current setup and with the use of a dummy after regrinding, this is 

circumvented. No distinct correlation et ee  the i di idual i serts’ wear and what set or order 

within the set have been found.  

Another study discussed if the countersurface rotational speed impacts the wear rate [27]. This does 

not seem to be the case, since no correlation have been found between insert wear and average 

lathe rotational speed. 

Still, the variations in wear between inserts of the same grade tested using the same conditions are 

often of the same magnitude as the variations between the different grades, see for example the 20 

vol.% Co grades tested against sandstone with deionized water (Figure 9). It is therefore important to 

always repeat tests in future studies made in similar setups, to be able to compare results with 

different grades or test conditions. 

5.2 Wear rates 

The monitored higher wear when testing against sandstone compared to granite agrees with earlier 

studies [17,27]. The inserts with the highest and lowest relative wear differences when tested with 

deionized water against sandstone as compared to granite are Co10H and Co10L, with a relative 

difference of 5.1 and 2.2 respectively. This significant difference in relative wear is unexpected. No 

SEM study has been conducted on these samples in this study due to time limitations, but would be 

useful to do in future studies. The inserts have different hardness, where Co10L (1555 HV3) is harder 

than Co10H (1471 HV3), and the difference in carbon activity means that the Co10L should have 

smaller grains, also indicated by the magnetic measurements made prior to testing (Hc), see 

Appendix A2. The Co10L should have more W in the binder than Co10H which makes the binder 

harder and more corrosion resistant and could explain the differences. Since the WC grain sizes of 

these inserts likely are different, so are their binder mean free paths. Larger grains with same relative 

amount of binder means larger binder mean free path, and as mentioned in chapter 2.4, more 

abrasive removal of the binder. It is therefore possible that this contributes to the relative wear 

difference. As the grain sizes and mean free paths have not been measured, it is hard to come to any 

conclusion regarding this, and a complete grain size distribution analysis of all grades would 

contribute to the interpretation of the results. 

The 20 vol.% Co grades wear more than the 10 vol.% ones, which is to be expected considering the 

composite hardness differences and that the binder is softer than the rock. All 20 vol.% grades have 
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the same binder and WC phase fractions, yet the Ni grade wear more than the Co and Fe grades in all 

test conditions. Again, this could be due to hardness, grain size and binder mean free path 

differences where the Ni grade is softer (1087 HV3) than the Co and Fe grades (1259-1286 HV3 and 

1255 HV3 respectively). On the contrary, the Ni binder is more corrosion resistant than both Fe and 

Co, which makes these results very interesting. The Fe20 has approximately the same wear as the 20 

vol.% Co grades despite a lower corrosion resistance of the pure Fe binder. As previously mentioned, 

it is well known that the W dissolved in the binder of Co based CC increases the corrosion resistance, 

and it needs to be investigated if that is true also for Fe.  

The Co grades with low carbon activity, and therefore the highest W concentration in the binder 

phase, withstand the synthetic mine water better than the Co grades with middle and high carbon 

activity. This was the expected result due to the W-ri h i der’s i reased orrosio  resista e. The 

variations between the inserts from each set are too large to draw any conclusions, and for more 

statistically relevant results, more tests are needed. 

Any rock that adhere to the inserts during testing will be adding weight which is not accounted for in 

this work. Since the amount of rock that adhere varies between different inserts, it is hard to 

approximate and compensate for when quantifying the wear. The extra weight added from the 

adhered rock is to be considered a source of error, but since the adhered rock volume and density is 

orders of magnitude lower than that of the worn off cemented carbide, it is regarded as insignificant 

in this work. 

5.3 Wear characterization 

Crushed and fragmented WC, removal of individual WC grains and adhesion of rock have been 

observed, in line with observations both from field tests and lab tests in the literature 

[2,17,24,27,28]. No distinct proof of binder extrusion as reported by Olovsjö [17] was found from the 

cross-section imaging. It is possible that the trans granular scratches seen in Figure 21 are scratches 

in a very thin extruded Ni-film rather than in the actual WC and binder phases. Considering that no 

such scratches are found on any other grades, and that the WC phase hardness should be the same 

in all grades, this seems plausible.  

The adhered rock is present in two different fashions, either as several µm thick layers, sometimes 

able to endure the tribological contact between the insert and the rock, or as thin features, mostly 

present in between WC grains and electron transparent with higher acceleration voltages in SEM. It is 

unknown whether the amount of rock that adhere to the surfaces differ between inserts tested 

against granite and sandstone. However, the t o ro k t pes’ distribution have observable 

differences, as the perceived coverage depends on which magnification is used when studying 

surfaces tested against the different rocks. No work has been made on determining whether the 

grade itself results in variations in rock coverage neither, but from examining the SEM images, which 

are acquired randomly within the areas shown in Figure 8, no such grade dependant variations are 

found.  

The adhered rock has proven to have a very strong adhesion to the CC, in line with what is reported 

in the literature [2,17,27,28]. As seen in the cross-section images, there are contrast variations 

between the binder pockets closest to the surface as compared to those deeper into the inserts. This 

indicates that these pockets contain a phase different from the pure binder. The temperatures which 

are present in the tribological contact during testing is unknown, which makes the origin of this 

phase harder to conclude. It could be the result of mechanical intermixing of rock into the binder or 

mixing of liquid or near-liquid rock and binder. It could also be caused by diffusion of material, either 
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forming some sort of solid solution between the CC and the rock, or chemically reacting and forming 

compounds such as the Co silicates found by Jones et al. [24]. CC degradation by formation of brittle 

silicates could be a reason for the increased wear associated with high quartz content in the rock. 

The areas with dark contrast seen in the Fe insert cross-sections in Figure 27 andFigure 28 are either 

voids or, more likely, areas of some other phase which appears darker than the binder phase, 

indicating that it consists of lighter elements. These areas are only found under layers of adhered 

rock, further strengthening the claim of extensive chemical interaction between the CC and the rock.  

To increase the understanding of the CC-rock interface, a phase analysis such as XRD would be 

valuable. Would the XRD results indicate the presence of silicates or other reaction products 

between the CC and the rock, the tendencies for the different binder materials to form such 

compounds should be investigated. This could be an important clue as to why the different grades 

wear so differently when tested against granite as compared to sandstone.  

The flattened areas that are frequently found on the Ni grades are similar to surfaces worn in a 

similar test setup, but where hard alumina particles are added with the flushing agent [29]. How the 

Ni20M flattening relates to its low hardness and how it impacts the wear is unknown. 

Only the Co20M tested against granite with deionized water and the Fe inserts from all test 

conditions show any distinct traces of corrosion on the surfaces. Considering that all grades are 

affected by the water chemistry, corrosion is assumed to have an impact even on the inserts where 

no corrosion products are found. Both Tarragó et al. [9] and Olsson [10] have their CC samples 

immersed for several hours in either stagnant or stirred synthetic mine water, and such exposure 

times are not relevant in the case of momentary corrosion during testing. Instead, the constant 

removal of surface material would expose new, uncorroded material. As the corrosion rate decrease 

with increased surface corrosion [9], the corrosion product removal should increase the overall 

corrosion rate. Also, the extreme temperatures and forces that are present in the tribological contact 

increase both the reactivity and the diffusion rate in the contact points, further increasing the 

corrosion rates [31]. This, in combination with the fact that corrosion lowers the CC mechanical 

properties [9], means that drilling in corrosive environments should lead to CC wear rates which way 

over exceeds the sum of the pure mechanical and chemical wear. This would explain why most 

inserts tested with synthetic mine water got such elevated wear rates as compared to those tested 

with deionized water.  

The lack of corrosion outside of the Fe insert wear mark shown in Figure 22 proves that the 

tribological contact between the insert and the rock enhances the corrosive attack on the CC. It 

seems likely that the corrosion products seen on the wear surfaces form due to the elevated 

temperature in the contact zone the moment the insert disengage, before too much heat has 

dissipated. The corrosion products found on the wear marks look like those found by Olsson [10]. 

From energy dispersive x-ray spectroscopy (EDX) elemental analysis, he concluded that the ones he 

found were cobalt oxides. Whether the corrosion products found in this study are oxides remains 

unknown until the XRD results are analysed, but considering the rust (iron oxide)-coloured features 

seen around the wear mark on the Fe inserts tested with synthetic mine water, it seems a likely 

conclusion.  

It would be interesting to investigate the corrosion products’ stability to see if they should dissolve in 

the flushing agents or in the deionized water in the ultrasonic bath after testing. If the Co and Ni 

corrosion products do and the Fe do not, this could explain why so little corrosion products are found 

on the surfaces of Ni20M and the Co-grades. 
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In Figure 23 a), it appears as though the adhered rock used to cover more of the surface, but that it 

cracked and spalled after testing. The exposed CC surface underneath is mostly free from corrosion 

products, showing that the rock that used to cover it protected it from the corrosion induced by the 

flushing agent in combination with the sliding contact with the rock. This indicates that the adhered 

rock protects the underlying CC from corrosion.   

Quantitative rock coverage assessments of different grades and test conditions could provide 

important clues to their different wear rates. This is backed by the observations of the adhered rock 

both protecting the CC surface from corrosion (Figure 23) and enduring the contact between the 

insert and the rock (Figure 17), and the possible CC chemical degradation by formation of silicates or 

other brittle compounds in the CC-rock interface.  

The binder volume fraction impacts the water chemistry’s effect on the wear, as 10 vol.% Co grades 

have a greater relative difference in wear than 20 vol.% ones when tested with the different flushing 

agents. No distinct visible wear mark differences explaining this have been found. A possible 

explanation could be differences in their mean free paths, but why a carbide with smaller grains 

hence shorter mean free path is affected more is not fully understood yet.  

The fact that the 20 vol.% inserts tested against sandstone wear less when tested with synthetic 

mine water instead of deionized water is unexpected, and the reason is yet unknown. One possible 

reason might be a change in dominant wear mechanism, however it has not been observed.  

Only one insert of the same grade and test condition is imaged in SEM, and only small parts of the 

wear mark surfaces are studied, implying that features indicating variations in wear mechanisms 

possibly have been missed. The images should therefore be regarded to show the ear surfa es’ 
general appearances, as were their purpose, rather than a complete rundown of all the differences 

between them and proof of wear mechanism similarities or differences. 
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6. Conclusions 

❖ The following features are observed on all grades after all test conditions: 

• Crushed, fragmented and heavily deformed WC grains 

• Adhered rock 

• Cavities left from removal of individual WC-grains 

• Cracks or voids in WC-grain and Co interfaces 

 

❖ The adhered rock is present either as several micrometres thick layers or as features thinner than 

a micrometre on top of the binder or intermixed with binder between the WC grains. The thick 

layers can endure cracking and heavy plastic deformation without significant spalling, locally 

changing the tribosystem from CC-rock to rock-rock. 

 

❖ Adhered rock protects the underlying CC from corrosion. 

 

❖ Higher wear was measured when tested against sandstone than against granite. The only 

difference observed on the worn surfaces was the adhered rock distribution. The rock coverage 

of the two test conditions appears different at low magnification, however it is unclear whether 

the rock coverage differs.  

 

❖ Not all inserts show obvious signs of corrosion. However, corrosion has a significant impact on 

the wear of all grades, as evident by the differences in quantitative wear between inserts tested 

with deionized and synthetic mine water.  

 

❖ The tribological contact and/or the heat it generates greatly impacts the corrosive attack on CC. 

This is evident from the tests with Fe20 in deionized water, where corrosion products were 

observed only in the wear mark. 

 

❖ A trend of higher insert wear when tested with synthetic mine water than with deionized water 

is observed for all grades tested against granite and for the 10 vol.% grades tested against 

sandstone. This was the expected result from earlier work [9,10]. However, 20 vol.% grades 

tested against sandstone show the opposite result.  

 

❖ The wear of the Ni20M was on average 1.6 times higher than of the Fe and Co 20 vol.% grades, 

which were similar. The differences in surface appearance were a more pronounced flattening 

and more voids or cracks in the WC grain-binder interfaces of the Ni grade relative the others.  
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7. Future work 

As discussed in the previous sections, several additional tests and investigations would be 

interesting: 

• Do a quantitative assessment of the adhered rock coverage and how (and if) this depends on 

cemented carbide grade, rock type and flushing agent. 

• Measure the grain sizes of all inserts tested and calculate the mean free path. This 

information can be used to further analyse the results from this work, adding to the 

discussion.  

• Perform an XRD phase analysis of the surface to look for and identify reaction products. An 

EDS analysis can also be made, to characterize the adhered rock and to look for the presence 

of oxides.  

• Complement the SEM imaging with Co10H and Co10L to find an explanation to their great 

differences in wear.  

• Investigate the corrosion product stability and see if they are likely to dissolve in the flushing 

agents. If so, it could explain why so little corrosion products are found on the surfaces.  
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Appendix 

A1. Water Analysis 

Mine 

Type 

Location, 

reference 

Mine Name Ca 

[mg/l] 

Na 

[mg/l] 

Mg 

[mg/l] 

Cl 

[mg/l] 

SO4 

[mg/l] 

HCO3 

[mg/l] 

pH 

Synthetic Mine Water 370 940 40 1 500 1 000 - 6.7 

Cu  USA, 

[1a] 

Carr Fork 32 9,6 16 25 28 137 7.9 

Cu  USA, 

[1a] 

Victoria 31 14 30 18 64 234 7.8 

U USA, 

[1a] 

Mount Taylor 0,8 238 0,2 16 313 256 8.4 

U USA, 

[1a] 

Highland 42 64 6,9 10 120 195 7.6 

U USA, 

[1a] 

Kerr-McGee 70 210 17 16 500 198 7.8 

U USA, 

[1a] 

Church Rock 2 120 0 5 33 223 9.1 

Granite Bangladesh, 

[2a] 

Maddhapara 49 - 93 17 - 88 14 - 33 13 - 52 23 - 51 190 - 

228 

8 - 10 

Ni  Finland, 

[3a] 

Hitura 409 111 1 210 828 4 970 - 6.8 

Cu  Finland, 

[3a] 

Luikonlahti 518 10,6 63 - 1 570 - 6.2 

C  Spain, 

[4a] 

Barredo 90 - 144 392 - 

534 

62 - 69 13 - 19 570 - 

686 

881 - 1 

159 

7.3 - 8.2 

C  Spain, 

[4a] 

Figaredo 114 - 

153 

30 - 

413 

41 - 71 10 - 15 232 - 

646 

314 - 

997 

7.1 - 8.1 

C  Spain, 

[4a] 

Mariana 

Mountain 

63 - 156 16 - 

428 

33 - 66 8 - 13 164 - 

640 

271 - 

779 

6.6 - 7.7 

Ag & Sn Bolivia, 

[5a] 

San José  

(-460 m) 

2 707 24 900 825 45 815 1 660 - 3.0 

San José 

(-340 m) 

849 17 100 625 18 305 19 479 - 1.5 

 

[1a] Tilman, M. M. 'Corrosion of Fricion Rock Stabilizers in selected Uranium and Copper Mine Waters', Bureau 

of Mines Report of Investigations, 8904, (1984) 

[2a] Howladar, M. F., Md Mustafizur Rahman. 'Characterization of Underground Tunnel Water Hydrochemical 

System and Uses through Multivariate Statistical Methods: A Case Study from Maddhapara Granite Mine, 

Dinajpur, Bangladesh', Environmental Earth Sciences, vol. 75/no. 24, (2016), pp. 1-16. 

[3a] Heikkinen, P. M., Räisänen, M. L., Johnson, R. H. 'Geochemical Characterisation of Seepage and Drainage 

Water Quality from Two Sulphide Mine Tailings Impoundments: Acid Mine Drainage Versus Neutral Mine 

Drainage', Mine Water and the Environment, vol. 28/no. 1, (2009), pp. 30-49. 

[4a] Loredo, C., Ordóñez, A., Garcia-Ordiales, E. et al. 'Hydrochemical Characterization of a Mine Water 

Geothermal Energy Resource in NW Spain', Science of the Total Environment, vol. 576, (2017), pp. 59-69. 

[5a] Banks, David, Wayne Holden, Eduardo Aguilar, et al. 'Contaminant Source Characterization of the San Jose 

Mine, Oruro, Bolivia', Geological Society, London, Special Publications, vol. 198/no. 1, (2002), pp. 215-239. 
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A2. Insert properties and wear test raw data 

Insert 

Name 
HV3 

Density 

[g/cm3] 
Com 

Hc 

[kA/m] 

Weight [g] Worn 

Volume 

[mm3] 

Test 

Condition 

Before After Difference 

Co20H01 1268 14.42 11.2 8.526 15.5263 15.5026 0.0237 1.644 SD1 

Co20H02 14.38 11.19 8.557 15.3484 15.3173 0.0311 2.163 SD2 

Co20H03 14.38 11.19 8.601 14.1134 14.0846 0.0288 2.003 SD3 

Co20H04 14.38 11.17 8.612 14.1346 14.1086 0.026 1.808 SM1 

Co20H05 14.40 11.21 8.548 14.872 14.8502 0.0218 1.514 SM2 

Co20H06 14.39 11.2 8.607 14.8166 14.7962 0.0204 1.418 SM3 

Co20M01 1259 14.45 9.85 9.919 15.606 15.5978 0.0082 0.567 GM1 

Co20M02 14.43 9.85 9.917 15.7768 15.7688 0.008 0.554 GM2 

Co20M03 14.43 9.809 9.932 14.5538 14.5435 0.0103 0.714 GM3 

Co20M04 14.43 9.829 9.927 15.7141 15.6953 0.0188 1.303 SD1 

Co20M05 14.43 9.856 9.932 15.6843 15.6756 0.0087 0.603 GD1 

Co20M06 14.41 9.826 9.942 15.7663 15.7609 0.0054 0.375 GD2 

Co20M07 14.44 9.846 9.93 15.6819 15.6764 0.0055 0.381 GD3 

Co20M08 14.45 9.824 9.928 15.1053 15.081 0.0243 1.682 SD2 

Co20M09 14.43 9.871 9.916 15.7336 15.7078 0.0258 1.788 SD3 

Co20M10 14.43 9.869 9.913 15.7279 15.7064 0.0215 1.490 SM1 

Co20M11 14.43 9.83 9.932 15.7783 15.7542 0.0241 1.670 SM2 

Co20M12 14.42 9.833 9.931 15.7668 15.7479 0.0189 1.311 SM3 

Co20L01 1286 14.48 8.488 11.21 15.7098 15.6878 0.022 1.519 SD1 

Co20L02 14.48 8.481 11.24 15.8955 15.8769 0.0186 1.285 SD2 

Co20L03 14.50 8.468 11.27 15.6712 15.6469 0.0243 1.676 SD3 

Co20L04 14.49 8.485 11.21 15.7335 15.7156 0.0179 1.235 SM1 

Co20L06 14.48 8.483 11.29 15.6713 15.654 0.0173 1.195 SM2 

Co20L07 14.50 8.487 11.25 15.723 15.7057 0.0173 1.193 SM3 

Fe20M01 1255 14.09 14.17 5.739 16.7354 16.7263 0.0091 0.646 GM1 

Fe20M02 14.09 14.17 5.737 16.7309 16.7224 0.0085 0.603 GM2 

Fe20M03 14.22 14.17 5.735 16.6942 16.6843 0.0099 0.696 GM3 

Fe20M04 14.12 14.17 5.736 16.3459 16.3231 0.0228 1.615 SD1 

Fe20M05 14.06 14.18 5.765 16.7344 16.7287 0.0057 0.405 GD1 

Fe20M06 14.07 14.18 5.731 16.2396 16.2312 0.0084 0.597 GD2 

Fe20M07 14.10 14.18 5.736 16.4725 16.4658 0.0067 0.475 GD3 

Fe20M08 14.07 14.18 5.738 16.2469 16.2242 0.0227 1.613 SD2 

Fe20M09 14.08 14.18 5.744 16.4196 16.3944 0.0252 1.790 SD3 

Fe20M10 14.07 14.18 5.756 16.1804 16.1562 0.0242 1.720 SM1 

Fe20M11 14.08 14.18 5.752 16.8251 16.8074 0.0177 1.257 SM2 

Fe20M12 14.07 14.18 5.747 16.5037 16.4859 0.0178 1.265 SM3 

Ni20M01 1087 14.50 - - 16.7669 16.7526 0.0143 0.986 GD1 

Ni20M02 14.50 - - 16.7235 16.7109 0.0126 0.869 GD2 

Ni20M03 14.47 - - 16.7551 16.7435 0.0116 0.802 GD3 
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Ni20M04 14.47 - - 16.7536 16.7385 0.0151 1.044 GM1 

Ni20M05 14.47 - - 16.9299 16.9152 0.0147 1.016 GM2 

Ni20M06 14.46 - - 16.5014 16.4855 0.0159 1.100 GM3 

Ni20M07 14.46 - - 16.9941 16.9667 0.0274 1.895 SD1 

Ni20M08 14.49 - - 16.6247 16.5812 0.0435 3.002 SD2 

Ni20M09 14.46 - - 16.7713 16.7279 0.0434 3.001 SD3 

Ni20M10 14.46 - - 16.9321 16.9072 0.0249 1.722 SM1 

Ni20M11 14.47 - - 16.7285 16.7049 0.0236 1.631 SM2 

Ni20M12 14.47 - - 16.7537 16.7258 0.0279 1.928 SM3 

Co10H01 1471 15.07 5.183 12.78 16.7165 16.7095 0.007 0.464 SD1 

Co10H02 15.04 5.193 12.78 16.6033 16.5977 0.0056 0.372 SD2 

Co10H03 15.03 5.195 12.75 16.8749 16.866 0.0089 0.592 SD3 

Co10H04 14.98 5.202 12.75 16.7314 16.7186 0.0128 0.854 SM1 

Co10H05 15.02 5.199 12.75 16.6938 16.6843 0.0095 0.632 SM2 

Co10H06 15.05 5.194 12.75 16.6303 16.6193 0.011 0.731 SM3 

Co10M01 1496 15.06 4.676 13.32 16.6612 16.6591 0.0021 0.139 GD1 

Co10M02 15.07 4.675 13.35 16.8236 16.822 0.0016 0.106 GD2 

Co10M03 15.06 4.695 13.32 16.8407 16.8393 0.0014 0.093 GD3 

Co10M04 15.05 4.689 13.33 16.6722 16.6685 0.0037 0.246 GM1 

Co10M05 15.04 4.689 13.32 16.8432 16.8397 0.0035 0.233 GM2 

Co10M06 15.07 4.679 13.35 16.7081 16.7044 0.0037 0.246 GM3 

Co10M07 15.05 4.678 13.34 16.6749 16.6696 0.0053 0.352 SD1 

Co10M08 15.03 4.69 13.34 16.8457 16.8404 0.0053 0.353 SD2 

Co10M09 15.06 4.69 13.31 16.6605 16.6549 0.0056 0.372 SD3 

Co10M10 15.05 4.687 13.32 16.6928 16.6822 0.0106 0.704 SM1 

Co10M11 15.04 4.688 13.29 16.8029 16.7929 0.01 0.665 SM2 

Co10M12 15.07 4.674 13.31 16.6634 16.6507 0.0127 0.843 SM3 

Co10L01 1555 15.08 3.905 16.01 16.8592 16.856 0.0032 0.212 SD1 

Co10L02 15.11 3.905 15.84 16.7082 16.705 0.0032 0.212 SD2 

Co10L03 15.08 3.906 15.98 16.872 16.8676 0.0044 0.292 SD3 

Co10L04 15.08 3.904 15.95 16.665 16.6586 0.0064 0.424 SM1 

Co10L05 15.07 3.909 15.9 16.7074 16.7009 0.0065 0.431 SM2 

Co10L06 15.08 3.919 15.88 16.6529 16.6469 0.006 0.398 SM3 
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A3. Test ordering 

The ordering of the different grades within each test set is presented in the table below. 

GD – Granite with deionized water 

GM – Granite with synthetic mine water 

SD – Sandstone with deionized water 

SM – Sandstone with synthetic mine water 

Ordering GD1 GD2 GD3 GM1 GM2 GM3 

0 Dummy Dummy Dummy Dummy Dummy Dummy 

1 Co20M05 Fe20M06 Ni20M03 XX04 Co10M05 Co20M03 

2 Co10M01 XX02 Fe20M07 Fe20M01 Ni20M05 Co10M06 

3 XX01 Co20M06 Co10M03 Ni20M04 XX05 Fe20M03 

4 Fe20M05 Ni20M02 Co20M07 Co10M04 Co20M02 XX06 

5 Ni20M01 Co10M02 XX03 Co20M01 Fe20M02 Ni20M06 

 SD1 SD2 SD3 SM1 SM2 SM3 

0 Dummy Dummy Dummy Dummy Dummy Dummy 

1 Co20H01 XX08 Co10H03 Ni20M10 Co20L06 Co20M12 

2 Fe20M04 Co20M08 Co10L03 Co10H04 Fe20M11 Co10M12 

3 Ni20M07 Co10M08 Co20L03 Co10L04 Co20H05 XX12 

4 Co20M04 Co20H02 XX09 Fe20M10 Ni20M11 Co20L07 

5 Co10H01 Ni20M08 Co10M09 Co20M10 Co10L05 Co20H06 

6 XX07 Fe20M08 Co20M09 Co20L04 Co10H05 Fe20M12 

7 Co10L01 Co20L02 Co20H03 Co10M10 XX11 Ni20M12 

8 Co10M07 Co10H02 Ni20M09 Co20H04 Co20M11 Co10L06 

9 Co20L01 Co10L02 Fe20M09 XX10 Co10M11 Co10H06 

The numbers after each insert name (i.e. Co20M05) are only used to distinguish the individual inserts of the 

same grade.  

XX -samples are tested within the same test sets, though the results are not presented in this report. 

  

 


