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This master thesis work aims towards gaining a deeper understanding of residual
stresses in cemented carbide rock drill inserts. Compressive stresses are wanted in
the surface material since they prevent crack growth and wear of the material and
this work is part of the development of better and longer lasting inserts.
Different ways of measuring residual stress with 2-dimensional x-ray diffraction are
investigated. Also different surface treatment methods, used for attaining these
compressive stresses, are tested and evaluated by measuring surface residual stress.
Also hardness and residual stress in-depth profiles are measured by cutting treated
inserts in half and perform measurement on cross sections.
The results show that measurements can be conducted on the raw sample surface
with a 0.5 mm x-ray spot size. The effectiveness of surface treatments varies with
different cemented carbide grades. Blasting gives rise to the highest compressive
stresses in a harder cemented carbide grade while it produces a lot of crushed
tungsten carbide grains and similar stresses as tumbling in a softer grade. Treatment T
gives interesting result since it produces high compressive stress but still leaves the
surface grains unbroken. Attempts to measure both hardness and residual stress
gradients from the surface are found to be difficult. Large effects from sample
preparation and deviations in measured data give uncertain results but tumbling seems
to affect the material deeper down from the surface compared to both blasting and
treatment T. This is also confirmed by a larger increase of coercive field strength in
tumbled samples.
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Sammanfattning på svenska
(Summary in Swedish)
Kompressiva spänningar i hårdmetall
Detta examensarbete utfördes för att utveckla och förbättra hårdmetallstift som används inom
bergborrning. Dessa utsätts för en extremt påfrestande miljö då de pressas och slås mot berget
och måste därför vara tåliga mot både nötning och skörbrott. Dessa två egenskaper är inte
lätta att kombinera och det vanligaste materialet som används är hårdmetall, en komposit av
hårda volframkarbidkorn sammanhållna av en relativt formbar fas av kobolt.
En av många faktorer som påverkar nötningsmotståndet i materialet är interna restspänningar.
Dragspänningar i ytan drar isär materialet vilket resulterar i spänningskorrosion och snabbare
tillväxt av utmattningssprickor. Tryckspänningar har motsatt påverkan och hindrar
spricktillväxt genom att de trycker ihop materialet och är därför önskvärda. För att inducera
tryckspänningar i ytan kan man använda en rad olika ytbehandlingsmetoder. Dessa omformar
små lokala delar av materialet plastiskt men eftersom omkringliggande material håller emot
formförändringar bildas tryckspänningar.
I detta arbete undersöks först olika sätt att mäta restspänningar med röntgendiffraktion. Sedan
testas trumling, blästring och en tredje ytbehandlingsmetod ”T” på bergborrstift av två olika
hårdmetallsorter samt en modifierad variant av den ena sorten. Dessa ytbehandlingsmetoder
utvärderas sedan genom att mäta ytspänningarna i stiften samt genom att mäta spänningar och
hårdhet på tvärsnittsytor för att undersöka det påverkade djupet i materialet. Bilder från
svepelektronmikroskop och mätningar av koercitiv fältstyrka används för ytterligare
information.
Resultaten visar att ytspänningsmätningar lämpligen utförs utan någon polering av ytan samt
att en 0.5 mm bred röntgenstråle används. Polering inducerar spänningar i materialet och en
0.05 mm bred röntgenstråle ger osäkra mätvärden då det kraftigt begränsar antalet korn som
bidrar till mätningen.
Testerna visar att olika hårdmetallsorter påverkas olika av de olika ytbehandlingsmetoderna.
För den hårdare typen av hårdmetall inducerar blästringsmetoderna de högsta
tryckspänningarna. Trumling och ytbehandling T lämnar ytan mer oförstörd, medan blästring
ger mycket sprickor och fragmentering av volframkarbidkornen, men inte lika höga
tryckspänningar. För den mjukare typen av hårdmetall tycks dock blästringen vara alltför
hårdför mot ytmaterialet. Sprickbildningen och fragmenteringen av volframkarbidkornen
resulterar i att spänningarna frigörs och blästringen ger ungefär likvärdiga tryckspänningar
som trumlingen. Trumling har dock fördelen att ge mycket mindre sprickbildning och
fragmentering. Ytbehandling T visar intressanta resultat för den mjukare hårdmetallsorten då
det är den metod som inducerar högst tryckspänningar och samtidigt ger väldigt lite
sprickbildning och fragmentering.

Den modifierade hårdmetallsorten har relativt höga tryckspänningar redan innan
ytbehandling. Den har dessutom oftast högre spänningar, än den icke modifierade, även efter
behandling även om skillnaderna då är mindre.
Hårdhetsprofiler på tvärsnitt ger stor spridning i mätvärdena men trumling tycks vara den
metod som ger störst påverkat djup. Detta bekräftas även av mätningar av koercitiva
fältstyrkan före och efter behandling. En tydligare gradient syns på en modifierad variant av
den hårdare hårdmetallsorten vilket tyder på att modifikationen ger en hård yta kombinerat
med formbart bulkmaterial. Mätningar av restspänningsprofiler ger mer opålitliga resultat och
mätmetoden med provpreparering bedöms som olämplig.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, juni 2013

Förord
Efter fem års studier avslutar jag nu min civilingenjörsutbildning i teknisk fysik med
materialvetenskap vid Uppsala universitet. Detta examensarbete har utförts vid Sandvik
Mining AB i Stockholm som stått för allt material och den utrustning som behövts under
arbetets gång. Arbetet har varit utmanande och en rolig avslutning på mina studier. Denna
rapport kommer att ges ut i två versioner, en intern rapport för Sandvik och en öppen rapport.
Det finns många som bidragit med hjälp under arbetet och jag vill speciellt tacka mina
handledare, Susanne Norgren och Håkan Hollmark. Tack Susanne, för vägledning genom hela
projektet och för att du delat med dig av din långa erfarenhet och breda kunskap. Tack Håkan,
för att du delat med dig av din expertis om röntgenanalys och för kontinuerlig diskussion och
feedback på resultat. Vidare vill jag tacka Jenny Angseryd för extra diskussion och feedback.
Tack till ämnesgranskare Staffan Jacobson och examinator Åsa Kassman Rudolphi. Till sist
vill jag också tacka kollegor på Sandvik som bidragit med hjälp och synpunkter på arbetet.

Contents
1 Background and objectives................................................................................................................... 1
1.1 Background ................................................................................................................................... 1
1.2 Objectives ...................................................................................................................................... 1
2 Introduction .......................................................................................................................................... 2
2.1 Rock drilling .................................................................................................................................. 2
2.2 Cemented carbides ........................................................................................................................ 3
2.3 Residual stress ............................................................................................................................... 4
2.4 Surface treatment methods ............................................................................................................ 5
2.4.1 Tumbling ................................................................................................................................ 5
2.4.2 Blasting and shot peening....................................................................................................... 6
2.4.3 Laser shock peening ............................................................................................................... 7
2.5 Stress measurements with x-ray diffraction .................................................................................. 8
2.6 Previous work .............................................................................................................................. 11
3. Part 1: Measuring surface residual stress .......................................................................................... 13
3.1 Method ........................................................................................................................................ 13
3.2 Results ......................................................................................................................................... 14
3.3 Discussion ................................................................................................................................... 16
3.4 Recommendations ....................................................................................................................... 17
4 Part 2: Surface treatments................................................................................................................... 18
4.1 Method ........................................................................................................................................ 18
4.1.1 Tumbling .............................................................................................................................. 18
4.1.2 Wet blasting with alumina particles ..................................................................................... 18
4.1.3 Surface treatment T .............................................................................................................. 19
4.1.4 Analyzed samples ................................................................................................................. 19
4.1.5 Method of analysis ............................................................................................................... 19
4.2 Results ......................................................................................................................................... 21
4.2.1 Surface residual stress .......................................................................................................... 21
4.2.2 Microstructural analysis of treated surfaces ......................................................................... 24
4.2.3 Hardness in-depth profiles .................................................................................................... 27
4.2.4 Residual stress in-depth profiles ........................................................................................... 30
4.2.5 Coercive field strength ......................................................................................................... 31
4.3 Discussion ................................................................................................................................... 32
4.3.1 Surface residual stress .......................................................................................................... 32
4.3.2 Hardness in-depth profiles .................................................................................................... 33
4.3.3 Residual stress in-depth profiles ........................................................................................... 34
4.3.4 Coercive field strength ......................................................................................................... 34
4.3.5 Sources of error .................................................................................................................... 35
5 Conclusions ........................................................................................................................................ 37
5.1 Future work ................................................................................................................................. 38
6 References .......................................................................................................................................... 39

1

1 Background and objectives
1.1 Background
Rock drill inserts are machining tools that are subjected to extremely hostile treatment and
environment. They are constantly abraded and hammered against the rock and the resulting
wear of the inserts limits the tool lifetime. In order to minimize this wear, high toughness and
hardness is demanded of the insert material. They are most commonly made out of cemented
carbide (CC), a composite of tungsten carbide (WC) grains and cobalt binder phase, where the
hard WC provides protection against wear and the relatively ductile cobalt provides toughness
against brittle fracture. Constant research and development of the inserts are performed to
increase their lifetime and consequently earn or save money for the both producer and
consumer of inserts.
One, of many, parameter that affects the durability of the inserts is the residual stress in the
surface material. When the drill insert meets and crushes the rock it is likely that cracks are
also created in the insert material, which could generate quick deterioration and failure of the
insert. However, if compressive stresses are induced into the surface of the insert, by for
example pre-treatment, cracks are less likely to grow because they are so to speak “pushed
together” by the material around it. A good knowledge about what affects residual stresses,
how compressive stresses are most efficiently produced in the material and how they best can
be measured is therefore important when it comes to prolonging the insert lifetime.

1.2 Objectives
The goal of this thesis work is to gain a deeper knowledge about residual stresses in cemented
carbide in rock drill inserts and how they can be created and measured. Different surface
treatment methods are to be investigated together with their effects on the insert material.
Important parameters to investigate are surface and in-depth residual stresses. Also, other
analysis methods will be added as the work proceeds. Furthermore, different ways of
measuring residual stress with 2-dimensional x-ray diffraction (XRD2) will be compared.
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2 Introduction
2.1 Rock drilling
The word “rock” is often used as a metaphor to describe something that is very hard or robust.
In many cases it’s a good metaphor but luckily, for the mining industry, rock is also generally
a very brittle material, allowing very little plastic deformation until failure. This makes it
possible to drill and remove rock by brittle fracture. Rock drilling can be divided in to three
subgroups; rotary percussive, rotary crushing and cutting. Common drill bits for each group
are shown in figure 1.
A

B
C

Figure 1. Common drill bits for A) rotary percussive drilling, B) rotary crushing drilling and C) cutting. Figure
A and B from From [1] and C from Beste [2]

Figure 1A shows a drill bit used for rotary percussive drilling. It consists of a steel cylinder
with CC inserts, also called buttons, protruding from the drill bit front. The rock is fractured
by repeated impacts from the drill bit while the drill is rotated, letting the inserts impact on a
new place every time. Typically the drill bit hits the rock 50 times per second while rotating at
75-200 rpm and the load on each insert has been estimated to about 2 kN [2]. Loose rock
fragments are removed by flushing pressurized water, in underground mining, or air, normally
used in open cut mining, through the drill bit holes. The water or air also acts as a cooling
media. Rotary percussive drilling is used for all rock types but generally fits very hard rock,
such as granite or quartzite. The insert shape is adapted to different rock types but is normally
spherical or ballistic. Very hard rock demands more rounded and less aggressive inserts.
During use the inserts get worn down and blunt and the drilling performance is lowered. They
can be reground a number of times, but eventually they become so worn down that the
diameter of the drilled hole is smaller than wanted. Then the whole drill bit has to be replaced.

3

The most common drill bit for rotary crushing drilling is the tri-cone, seen in figure 2B. The
steel rollers equipped with CC inserts are pressed and rotated against the rock which results in
rock removal from both brittle fracturing and abrasive wear. The tri-cone bit is commonly
used for drilling holes for blasting. Rollers can also be mounted on large reaming heads that
are used for drilling tunnels of up to 6 m in diameter. Rotary crushing is primary used for
rather soft rock [2].
The third subgroup is rock cutting that is used for rather soft and non-abrasive rock like coal,
salt or concrete. The cutting tips, as seen in figure 1C, are subjected to extreme temperature
difference since a cut through the rock is followed by rotation in air. Rock cutting is often
used in construction of sewers and subways under rural areas where it is preferred over
drilling and blasting [2].

2.2 Cemented carbides
Because of the extreme conditions, the inserts have to be made out of very hard but still very
tough material. These properties are not easy to combine since higher hardness often means
lower toughness and vice versa. Cemented carbides solve this problem by combining the
tungsten carbide hard phase, with the tough cobalt binder phase. The hard WC provides high
resistance against wear while the relatively ductile cobalt allows for some plastic deformation,
which in turn gives toughness.
The hard phase, also called α-phase, of WC constitutes the major part of CC. The fraction of
WC normally varies from 70 to 95 wt% but in the most common grades it is between 90 and
94 wt%. WC has a hexagonal close pact (HCP) structure with a strong anisotropic surface
energy, resulting in prismatic crystals after sintering. The grain size varies from <0.5 µm in
ultra-fine grades to >5 µm in extra coarse grades. A fine grained CC gives higher hardness but
lower toughness and vice versa. The hardness of the grains is also anisotropic varying from
around 1300 HV, on the crystal prism planes, to around 2300 HV, on the basal plane [2]. The
WC crystal structure can be seen in figure 2.

Figure 2. Crystal structure of hexagonal WC and indications of crystal prism- and basal planes. Figure from
Beste [2]
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The binder phase, or β-phase, of cobalt acts like a glue between the WC grains. It is also very
ductile, compared to WC, and therefor allows for some plastic deformation without the
creation of cracks and shattering. When cooled from liquid state, cobalt forms a solid face
centered cubic (FCC) phase, which at lower temperatures transforms to a HCP phase. The
FCC phase is more ductile than the HCP phase and therefore wanted in the CC. Luckily the
transformation occurs at such low temperature that it is normally suppressed. However, some
HCP transformation can occur if the material is plastically deformed by for example surface
treatment [2, 3].
In the simplest CC grades, WC and cobalt are the only phases present. In other grades
elements like nickel, to further counteract formation of HCP-cobalt, or carbides, to increase
thermal stability and prohibit oxidation at high temperatures, can be added. Commonly used
carbides are chromium-, titanium-, and tantalum carbides [2, 3].

2.3 Residual stress
When material wants to expand or contract but is not allowed, by other material around it,
residual stress is created. Residual stress in material can arise from a number of different
reasons such as different thermal expansion coefficients in composites or mechanical
processing (grinding etc.). Figure 3 shows a piece of metal that is subjected to plastic
deformation by a hammer. In the left picture there is nothing around it to counter the
deformation and it expands sideways keeping its volume constant. However, in the right
picture there is material around it and the piece of metal is not allowed to expand freely
sideways and this results in decrease in volume. Material around it pushes it together and it
experiences a compressive stress [4].

Figure 3. A piece of metal is deformed by the hammer. To the left it is allowed to expand freely sideways but to
the right it experiences compressive stress from material around it. Figure from Jacobson [4].

Residual stresses play a vital part when it comes to crack growths in material. Tensile stresses
will pull the material apart, resulting in stress corrosion and fatigue cracks, while compressive
stresses will push it together, which results in slower crack growth.
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Since force equilibrium is required when no external forces act on the material, compressive
stresses in the surface material will result in tensile stresses somewhere under the surface. By
convention tensile stresses are denoted as positive while compressive stresses are negative.

2.4 Surface treatment methods
In order to achieve compressive stresses in surface material there is a number of different pretreatment methods that can be used. In this work three mechanical methods are considered
and described below.
2.4.1 Tumbling
Tumbling is a method where the basic principle is to grind and hit the samples against each
other or container walls. This can be used for polishing, removal of sharp edges and cleaning
but it also induces residual stresses into the samples through plastic deformation.
A couple of different types of tumbling and equipment are common. In horizontal drum
tumbling an eight sided drum is most commonly used. The samples are put inside the rotating
drum and are lifted up by the walls, until they slide down on top of other samples, over and
over again. The rotational speed and amount of samples are important parameters that affect
the result since they affect the sliding distance. A half full barrel together with a rotational
speed that lifts the sample 45° will create the longest sliding distance and is therefore most
effective [5, 6].
In vibrational tumbling the samples are put into a vibrating trough or circular container. The
amplitude and frequency of the vibrations can vary but is normally around a couple of
millimeters and 30-50 Hz, respectively. The vibrations are 3 dimensional where an up-down
movement makes the samples shift and grind against each other while a circular motion
transports them forward, in a trough vibrator, or around, in a circular vibrator [5].
Centrifugal tumbling is a method where the samples are put inside a vertical drum with a
conical and rotating bottom plate. The working principal and flow of inserts are similar to
horizontal drum tumbling and depicted in figure 4.

6

Figure 4. Schematic representation of centrifugal tumbling. The arrows inside the drum show the flow of treated
samples. Figure from Liang et al. [7].

2.4.2 Blasting and shot peening
In these two methods, small particles are blasted on to the sample by compressed air. When
they hit the sample they induce compressive stress by plastic deformation of the material. The
difference between the two is that shot peening uses relatively spherical particles while
blasting uses rougher particles with sharp edges. Therefor shot peening mainly plastically
deforms the surface material while blasting also produces erosion. Blasting is often used both
on CC substrates and coatings on inserts used for metal machining where it, except giving
residual stresses, also improves the coating adhesion.
Different types of particle material and size can be used both in blasting and in shot peening.
Also the pressure, which results in different speeds of the impacting particles, and shot angle
can be altered. To measure the peening intensity an Almen gauge is most commonly used,
which involves peening a strip (Almen strip) of given dimensions and material. This strip is
fixed to a mounting fixture (Almen block) by bolts with nuts. After peening the bolts are
removed and the residual arc height of the strip is measured and defines the Almen intensity.
However, an Almen gauge cannot give accurate information about residual stress field in a
component since different in-depth profiles may produce the same arc height. Also, the
Almen strip is made out of a known material (typically SAE 1070 spring steel) and the treated
sample may be any material [8, 9, 10].
The total amount of media hitting the treated sample is of course also off great importance. A
“covering factor” is often used to quantify how much of the sample surface that has been
affected by a direct hit from a blasting particle. It is measured by visually viewing the
indentations from particles on the sample surface and compare the amount of indented surface
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to the total surface area. A 100% covering factor is defined as 98% of the surface being
affected by a direct hit and other covering factors are then achieved by changing the blasting
time. For example a 200% covering factor is achieved by double the time it takes to achieve
100% covering factor [11].
2.4.3 Laser shock peening
Laser shock peening (LSP), also called laser peening, is similar to shot peening but instead of
particles a high power laser is used. The sample is first coated with a sacrificial layer that
protects the sample from thermal ablation and absorbs the laser. Normal black paint or tape is
often used [4]. A very powerful and short laser pulse is then shot on to the sample, which
evaporates the sacrificial layer and produces a quickly expanding plasma. The laser power is
generally in the GW range with 1-100 J pulses of less than 100 ns in length [8]. The quick
expanding plasma produces a shock wave that propagates down in to the sample that can
plastically deform the material giving residual compressive stresses. To prevent the plasma
from expanding freely away from the sample surface, a transparent coating over the sacrificial
layer is often used. This results in more of the laser energy being forced down in to the sample
through the shock wave. The easiest transparent coating to use is often water [8].

Figure 5. Schematic representation of laser shock peening. Figure from Montross et al. [8].

Since the pressure pulse is wider and more planar compared to shot peening, the affected
depth from LSP is often deeper [4, 8]. Numerous investigations of the effect of laser shock
peening of both aluminium [8, 12, 13] and steel [8, 14, 15] have been performed. They show
effects such as higher compressive stress, higher hardness and improved fatigue life compared
to untreated material. Gao [12] show that LSP can produce higher surface stresses as well as
in-depth residual stresses, together with a smoother surface finish than conventional shot
peening on aluminium.
Ocaña et al. [16] show that the repeated laser pulses give higher in depth compressive stresses
but also that eventually a maximum level is reached. Because of this, doubts whether laser
peening can affect less ductile material is raised.
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Published work on laser shock in other brittle materials, such as basalt rock [17], often
investigates effects of destruction of the brittle material. In this study a LSP wave is induced
to a slab of brittle material and creates cracks and spallation on the backside of the slab. This
is attributed to a release wave with tensile pressure that is formed when the compressive wave
passes the material/air boundary due to the big difference in shock impedance of the material
and the air. It is possible that a similar effect would occur when a wave passes the WC/cobalt
boundary and that this would destroy the WC grains, resulting in removal of WC grains and
destruction of the inserts. On the other hand, shock waves are also the source of deformation
from tumbling, blasting and shot peening so why would LSP be more destructive?

2.5 Stress measurements with x-ray diffraction
Measurements with X-ray diffraction (XRD) utilize the ability to measure the distance
between the crystallographic planes (d-spacing), by Bragg’s law, together with Hooke’s law
to calculate stress. An incident x-ray beam is shot onto the sample and is diffracted by the
crystallites. Constructive interference between the diffracted beams will occur at different
incident angles according to Bragg’s law [18]:

nλ = 2d*sin θ [18],

(1)

where n is an integer, λ is the wave length of the x-ray beam, d is the distance between
crystallographic planes and θ is the incident angle of the x-ray beam. Since λ is kept constant
and different (hkl) planes have different d-spacing, high intensity peaks (Bragg peaks) of
diffracted x-rays will be received at different θ angles and these peaks are measured by a
detector.
If a stress is applied to the crystals, the d-spacing will change according to
Hooke’s law:

ε = Eσ [18],

(2)

where ε is the strain, E is the Young’s modulus of the material and σ is the stress.
This will result in a measurable shift of the peaks in the XRD spectrum as can be seen in
figure 6.
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Figure 6. A change in the d-spacing results in constructive interference at a different
incident angle of the x-ray beam and a shift of the Bragg peaks. Figure from He [18].

X-rays have a quite shallow penetration depth in CC. In a sample of 90 wt% WC and 10 wt%
cobalt 90 % of the diffracted x-rays, i.e. 90 % of the information, comes from a depth of about
4.3 µm or shallower and 50 % comes from 1.3 µm or shallower [19]. In a coarse CC grade
this means that the measured results is only from the WC grains furthest out, making the
technique very surface sensitive. Due to the limited penetration of x-rays, normal stress at the
surface also diminishes to zero since material is allowed to expand in this direction, giving a
biaxial stress state [18].
In biaxial stress state without shear stress, the strain is a linear function of sin2ψ [18] and by
taking the first derivative with respect to sin2ψ the following function is obtained:
[18],
where
is the strain, ψ is the tilt angle of the sample,
S2 is a material constant and calculated by:

(3)
is the stress and m is a constant.

½*S2 = (1+ν)/E [18],

(4)

where ν is the Poisson’s ratio and E is the Young’s modulus of the material.
The tilt angle ψ of the sample is given in figure 7 together with a ¼ Eulerian cradle sample
stage which is used to achieve this tilt. By measuring the strain at different ψ angles and
plotting a ε-sin2ψ curve, the slope m can be obtained and, from equation (3) and (4),
can
be calculated as:

= 2m/S2 = mE/(1+ν) [18].

(5)
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Figure 7. Sample coordinates, with indicated ψ tilt and
sample stage (right). Figure from He [18].

rotation, (left) and a 5 axis ¼ Eulerian cradle used as

From measurements, the stress in two orthogonal directions, in the sample surface plane, are
received. These are denoted σ (ϕ=0°) and σ (ϕ=90°) since the angle ϕ corresponds to a
rotation of the sample along the sample surface normal axis.
In two-dimensional XRD (XRD2) an area detector is used. This gives a two-dimensional
projection of the diffraction rings, containing much more data, compared to the onedimensional spectra used in conventional XRD. This gives faster data collection and helps to
smooth out rough diffraction patterns due to large grain size, small sample area or weak
diffraction [18].
Since the diffraction peaks from the minority cobalt phase in CC are much weaker than the
WC peaks, they are drowned in the background signal. The peak, which is used for stress
measurements is often the (300) peak of WC and the measured stress is therefore the stress in
the WC and no information about stress in the cobalt is obtained. The (300) peak is chosen
because it has a high enough intensity and a high diffraction angle of 2θ = 133°. A high 2θ
angle is shifted more, than low 2θ angles, from the same change in d-spacing. This can be
understood by studying the sinus function of Bragg’s law and simplifies measurements of
small 2θ shift.
For further information regarding XRD and XRD2 the reader is referred to He [18].
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2.6 Previous work
Previous work regarding measurements of residual stress in rock drill inserts at Sandvik
includes both surface residual stress and in-depth profiles. One procedure for measuring
surface residual stress included a sample preparation where the samples where molded in
bakelite and polished by hand ca. 45 seconds with 1 µm diamond gel on soft cloth. This was
done to receive more accurate and consistent results due to the smoother surface obtained and
that measurements could be done on a flat surface instead of the slightly curved insert top.
Two different measuring methods of in-depth profiles of both residual stress and Vickers
hardness had previously been used. In the first, material was removed by grinding and
polishing and measurements were conducted at different depths. This had been done both
from the insert tip and downwards, for measurements in the r-θ plane [20, 21] and from the
cylindrical side of the inserts and inwards, for measurements in the r-z plane [22, 23]. See
figure 8 and 9 for geometry descriptions.

Figure 8. Insert is molded in bakelite and material is removed
from the insert top for measurements in the r-θ plane.

Figure 9. Material is removed from the insert
side for measurements in the r-z plane.

The second method was to cut inserts lengthwise and polish the cross section and then do
measurements in the r-z plane at different depth from the surface along the z-axis [20, 21, 24].
In [20], Arvanitidis compares different tumbling methods and tumbling times by HV5
profiles.
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In other studies [21, 24], residual stress is measured in field tested inserts. Measurements are
made on 5 places on the z-axis along the full insert length.
Measurements of the coercive field strength, Hc, of the inserts are often used to give an
indication of how much the surface treatment has affected the material [20, 22]. When the
ferromagnetic cobalt is deformed, dislocation movement and FCC-to-HCP transformation
makes it harder for magnetic domain walls to move, resulting in higher coercive field strength
of the material. Hc cannot accurately separate inserts with different residual stress levels but
may give indications to why results from the same surface treatment method differ between
different CC grades, etc.
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3. Part 1: Measuring surface residual stress
As has been described in section 2.6, one procedure of measuring surface residual stress in
inserts included a short polish of the samples. This was performed to receive more consistent
and reliable results. To investigate the effects from polishing, if measurements could be
conducted directly on the raw surface and to find the best way of measuring surface residual
stress, which could be used for the rest of the project, a series of tests was performed.

3.1 Method
Inserts, with spherical geometry and a height of about 16 mm and a diameter of about 10 mm,
of two different CC grades, G1 and G2, were used for these tests. Untreated (UT) and Ctumbled (C) samples of both grades and also S-tumbled (S) samples of grade G2 were used,
giving a total of five sample types. Three individuals of each sample type were named A, B
and C. The tumbling methods and CC grades will be described in section 4.
Measurements were conducted with a D8 Discover-GADDS diffractometer with laser-video
positioning, Euler ¼ cradle and a rotating anode x-ray source. CuKα radiation was used
together with 0.5 mm point focus, detector distance of 16 cm and a power of 4.5 kW (45 kV,
100 mA). The samples were tilted in ψ geometry to eight ψ-angles up to +/- 70° at ϕ=0° and
ϕ=90°. The measuring time for each ψ-angle was varied to receive at least 500 000 counts.
The detector was set at 2θ=140° and Ω=70°. Calculations were performed by sin2ψ method,
on the (300) reflex from WC, with Youngs modulus of 650 GPa and poisons ratio of 0.19.
On individual A three measurements were done both before and after polishing to compare
deviances in the results. The stress from measurement one was then used together with single
measurements from individuals B and C to compare stresses before and after polishing of
different individuals. The two values, σ (ϕ=0°) and σ (ϕ=90°), which are received from XRD2
were seen as two different values, since the rotational symmetry of the top should result in the
same stress in all directions.
Polishing was done by casting the inserts in bakelite with a small piece of the button top
sticking out. They were then polished by hand on a rotating soft cloth with 1 µm diamond
paste and ethanol. They were polished between 30 and 60 seconds (except individual B of G1
untreated, which needed about 120 s) until a smooth surface was obtained. To estimate the
polishing depth, the polished spot radius was measured in microscope. From the spherical
geometry of the button tops the polishing depth was calculated.
Also, to see if smaller point focus could give more accurate stress results, two unpolished
samples (G1 untreated and G1 C-tumbled) were measured with a 0.05 mm collimator instead
of the 0.5 mm collimator used in other measurements. The theory here was that a smaller spot
size on the rounded button top would be less affected by the curvature of the sample.
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3.2 Results
The results from the study of polishing effect on residual stress are shown in figure 10 and
figure 11. In figure 10 the three measurements on individual A on each sample type is shown.
The result before polishing for each sample type is shown in green and has its corresponding
results from the polished samples in red to the right. Note that the six bars for each sample
from only three measurements are due to two received values from each measurement (σ
(ϕ=0°) and σ (ϕ=90°)). In figure 11 the stress of different individuals of each sample type is
shown the same way as in figure 10.

Figure 10. Residual stress before and after polishing from three measurements on one sample.
6 bars are due to two received values from each measurement.

Figure 11. Residual stress before and after polishing from one measurement on three samples.
6 bars are due to two received values from each measurement.
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In figure 10 it is seen that the residual stress in the polished samples are significantly higher
for all samples types except G2S. It is also seen that the difference between highest and
lowest values are quite similar but somewhat higher for the polished samples. The trend of
higher stress in polished samples is also seen in figure 11.
In figure 12 a close up of G1UT from figure 11 is shown together with error bars from
measurements and stress calculations. The uncertainties of measurements from polished
samples are greater and this is seen throughout all samples and not just untreated grade G1.

Figure 12. Close up of stress in untreated grade G1 from figure 11 with error bars
from measurement and calculations.

Table 1 show polish depths for all samples.
Table 1. Polish depths

Sample
Individual
Polish depth
(µm)

G1UT
A B
69 19

C
23

G1C
A B
37 29

C
35

G2UT
A B
55 22

C
41

G2C
A B
35 21

C
41

G2S
A B
55 42

C
45
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In figure 13 a 2D diffraction frame from measurement of untreated grade G1 with the
0.05 mm collimator is seen to the left and compared to the corresponding frame from
measurement with the 0.5 mm collimator seen to the right.

Figure 13. Diffraction rings from measurements on G1UT with 0.05 mm collimator (left) and 0.5 mm collimator
(right)

The inconsistent pattern with a few bright spots in the left image indicates a very low number
of WC grains contributing to the measurement because of the small spot size. The residual
stress results from this measurement were -634 MPa and -810 MPA, which can be compared
to those in figure 10 and 11.

3.3 Discussion
The results show that polishing of samples before XRD-measurements can, but not always,
induce residual stresses in the samples. They can be of several hundred MPa and significantly
alter the results. It could be argued that tumbling would induce a maximum compressive
stress somewhere under the surface, which is often the case in shot peening [4, 12], and that
this could lead to the higher readings after polishing. However, also the measurements on
untreated samples showed much higher residual stress after polishing. The larger deviation
between measured stresses and measuring error on polished samples also indicates a less
consistent method.
When frames of diffraction rings and relative peak intensities where compared visually it was
hard to see any clear differences, but the relative peak intensity was often somewhat higher
for polished samples, which could give more accurate results. Most frames follow this trend
but not all and it can vary between different ϕ-angles. When the relative peak intensity
becomes too low, common especially at high ϕ-angles, it is likely to cause error in the stress
readings [18]. However, such frames are easy to spot and exclude from stress calculations.
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When the smaller collimator was used, all frames had a pattern similar to the left image in
figure 13. This type of measurement can lead to false stress calculations and large errors [18].
This was also confirmed as the measured stress was much higher compared with the stresses
with the 0.5 collimator. It could be possible to use the 0.05 mm collimator for CC grades with
smaller grain size because more grains would be within the x-ray spot. However, the point of
the small spot size was to reduce the effect of the curvature of the insert top. The height
difference d, shown in figure 14, can be calculated as

d = r – (r2 – a2)1/2.

(6)

Figure 14. Illustration of x-ray beam hitting a curved insert top.

With a top radius of 5 mm and a spot size of 0.5 mm (a = 0.25 mm), d will be about 6.3 µm.
As this is close to the surface roughness of the insert it is hardly a problem. Worth noticing is
also that measurements with the smaller collimator needed about 16 hours for collecting the
same number of scattered x-ray counts, i.e. gaining the same data quality, as the
measurements with the 0.5 mm collimator did in about 20 minutes.

3.4 Recommendations
From the results the following recommendations concerning stress measurements are made
and used in part 2 of this project:


Measure surface residual stress on an unpolished surface. This avoids stress being
induced by polishing, gives more consistent results and is also faster.



Do not use 0.05 mm collimator for stress measurements on the CC grades used in this
study due to the low number of grains being measured.
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4 Part 2: Surface treatments
4.1 Method
The different surface treatment methods chosen to be investigated in this work are described
in the following section. Tumbled samples were received from manufacturing while other
samples were produced within this work. Inserts of CC grades G1, G2 and also G3, which is a
modification of grade G2, were used. G1 is a softer grade with a cobalt content of 11 wt% and
a grain size of 4 µm while G2 and G3 are harder with a cobalt content of 6 wt% and grain size
of 2.5 µm.
4.1.1 Tumbling
Inserts from two different tumbling methods were investigated in this work. The first one was
a vibrational tumbling method. Samples treated with this method are from here on called Stumbled.
The other was a centrifugal tumbling method. Samples treated with this method are from here
on called C-tumbled.
4.1.2 Wet blasting with alumina particles
Wet blasting with alumina particles was conducted with a slurry of 70 Vol% water and
30 Vol% sand, 8 blasting guns and the feed rate of slurry had been measured to 3.8 liters per
minute and gun. The blasting guns moved radially during the blasting procedure while the
samples were firmly attached to a rotating plate to give a uniform treatment of the samples.
The distance from gun to sample was about 200 mm. The total blasting time was about 4
minutes, which corresponded to a 100 % covering factor. The effective time that samples are
actually hit by the blasting beam is unknown but from tests it has been roughly estimated to
give the same effect as about 5 seconds of blasting from one gun on a single sample. This
time together with the feed rate and slurry mixture means that about 9.5 cl of sand is used.
The pressure and alumina particle size was varied and three tests were conducted as seen in
table 2. It should be noted that the pressure is measured in the feed-pipes and the exact
pressure in the blasting gun outlet is unknown.
Table 2. Performed blasting tests with varying pressure and alumina mesh/particle size

Test number
Pressure
Particle size
*P1>P2, M1>M2

2
P1
M1

3
P2
M1

4
P1
M2
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4.1.3 Surface treatment T
Two different tests were performed and are, from here on, denoted T2 and T3.
4.1.4 Analyzed samples
From the tests, described above, a number of different samples were obtained and analyzed.
These are shown in table 3 together with their abbreviated sample names, used in following
sections of this report.
Table 3. Sample names and descriptions

Sample name
G1UT
G1C
G1BL2
G1BL3
G1BL4
G1T2
G1T3
G2UT
G2C
G2S
G2BL2
G2BL3
G2BL4
G2T2
G2T3
G3UT
G3S
G3BL2
G3BL3
G3T2
G3T3

Description
Grade G1 without any surface treatment (Untreated)
C-tumbled grade G1
Grade G1 blasted with test 2, as seen in table 2
Grade G1 blasted with test 3, as seen in table 2
Grade G1 blasted with test 4, as seen in table 2
Grade G1 treated with T2
Grade G1 treated with T3
Grade G2 without any surface treatment (Untreated)
C-tumbled grade G2
S-tumbled grade G2
Grade G2 blasted with test 2, as seen in table 2
Grade G2 blasted with test 3, as seen in table 2
Grade G2 blasted with test 4, as seen in table 2
Grade G2 treated with T2
Grade G2 treated with T3
Grade G3 without any surface treatment (Untreated)
S-tumbled grade G3
Grade G3 blasted with test 2, as seen in table 2
Grade G3 blasted with test 3, as seen in table 2
Grade G3 treated with T2
Grade G3 treated with T3

4.1.5 Method of analysis
Due to the results from part 1, measurements of surface residual stress were performed with a
0.5 mm collimator on the insert top surface without any polishing. Other set up parameters
can also be seen in section 3.1.
For measurements with large difference between σ (ϕ=0°) and σ (ϕ=90°), or visibly low peak
resolution, XRD2 frames were analyzed together with an integrated 1D-spectrum. This was
done for both additional information about the crystal structure and to evaluate the measured
results.
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For additional information, trough visual analysis, Scanning electron microscope (SEM)
images of the insert top surface were taken. This was done with a Hitachi S-4300 SEM and an
acceleration voltage of 10 kV.
For in depth profiles of both residual stress and Vickers hardness, the second method with
measurements on the r-z plane from section 2.6 was used. The inserts were cut lengthwise and
molded in bakelite. The cross section was then grinded down 0.5 mm and then polished 20
minutes on paper and 9 µm diamond gel followed by 20 minutes with 1 µm diamond gel.
Hardness measurements were then performed from the insert top and along the z-axis in a
zigzag pattern to increase the distance between indents so that they would not affect each
other.
For residual stress profile measurements an additional last polishing step, by hand with
0.25 µm diamond gel on paper, was used. In this step at least 3 µm was removed. XRD2
measurements were then conducted from the insert top along the z-axis as in the studies
described in section 2.6 but closer to the surface and with smaller distances from each other.
This was done to see if it was possible to measure a more detailed residual stress profile in the
surface material.
Coercive field strength was measured and compared with other results to investigate their
correlation. Measurements were done with a Foerster-Koerzimat from KmK instrument ab.
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4.2 Results
4.2.1 Surface residual stress
Figures 15A-C show bar diagrams of surface residual stresses in differently treated samples of
CC grade G1, G2 and G3 respectively. Displayed stress is an average value of 6 measured
data (σ (ϕ=0°) and σ (ϕ=90°) from three measurements) for untreated and tumbled samples.
For all other samples an average value of 2 measured data (σ (ϕ=0°) and σ (ϕ=90°) from one
measurements) is displayed.

A

B

C
Figure 15. Surface residual stress after different treatment methods in grade A) G1, B) G2 and C) G3.

It is seen that all surface treatment methods have a significant effect on the residual stress
when compared to the untreated samples. Grade G3 has a high compressive stress already
before treatment but the effects of surface treatment is not purely additive and after blasting
test 2 compressive stresses are even higher in grade G2. Blasting induces higher compressive
stress than tumbling in grade G2 and G3 while the differences are smaller for grade G1.
Treatments T2 and T3 induce the highest stress in grade G1 while they have lower effect than
blasting on G2 and G3.
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The XRD2 measurement on the blasted samples of grade G1 was found to give very low peak
resolution and especially G1BL2 gave large deviation between σ (ϕ=0°) and σ (ϕ=90°) even
after a second control measurement. In figures 16 and 17 XRD2 frames with integrated 1Dspectras over the (300) peak are displayed for a few chosen samples. Table 4 show differences
between σ (ϕ=0°) and σ (ϕ=90°), for the same samples. For samples measured more than
once the measurement with the largest difference between σ (ϕ=0°) and σ (ϕ=90°) are shown.

A

B

C

D

E

Figure 16. Frames from XRD2 together with integrated 1D-spectrum from measurements on A) G1C, B) G1BL2,
C) G1BL3, D) G1BL4 and E) G1T2. Note the peak broadening and lower peak resolution in measurements on
blasted grade G1 (B, C and D).

In figure 16 it is clearly visible that the blasted samples of grade G1 produce less clear and
smeared out peaks, compared to the tumbled sample. The peak broadening can be a sign of
finer grain size, which looks more amorphous in the XRD2 measurement, or of grains with
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varying stress. The most broadened peak is from the G1BL2 sample and from table 4 it is
seen that this results in a very large difference between measured stress values. It is also seen
that peak broadening from the sample treated with T2 is similar to the tumbled sample and
much lower compared to the blasted samples and the difference in measured stress values are
also much smaller.
In figure 17 it is seen that blasting gives some peak broadening also on grade G2 but the
effect is much lower than on grade G1.

A

B

C

Figure 17. Frames from XRD2 together with integrated 1D-spectrum from measurements on A) G2S, B) G2BL2
and C) G2T2

Table 4. Difference in σ (ϕ=0°) and σ (ϕ=90°) of a few chosen samples.

Sample
G1C
G1BL2
G1BL3
G1BL4
G1T2
G2S
G2BL2
G2T2

σ (ψ=0°) [MPa]
-1026
-1206
-1057
-1308
-1439
-1302
-2190
-1413

σ (ψ=90°) [MPa]
-1153
-651
-854
-1175
-1470
-1197
-2039
-1451

ΔStress [MPa]
127
555
203
133
31
105
151
38

24

4.2.2 Microstructural analysis of treated surfaces
The SEM images taken for visual comparisons can be seen in figures 18-20.

A

B

C

D

E

F

Figure 18. SEM images of the surface of samples A) G1UT, B) G1C, C) G1BL2, D) G1BL3, E) G1BL4 and F)
G1T2.The dotted scale bar is 10 µm long in all images.
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A

B

C

D

E

F

Figure 19. SEM images of the surface of samples A) G2UT, B) G2C, C) G2S, D) G2BL2, E) G2BL3
and F) G2T2. The dotted scale bar is 10 µm long in all images.

The untreated samples of grade G1 and G2 have the typical prism shaped WC grains with no,
or very little, cracks and dislocation lines. In the tumbled samples there are cracks, dislocation
lines and small fragments of WC visible. If 19B and C are compared, they show more
fragmentation in the S-tumbled sample than in the C-tumbled. As the peak broadening of the
XRD2 spectrum indicated, it is clear that blasting produces more crushed WC grains and a lot
of small WC fragments. The difference of sample G1BL2, figure 18C, compared to the other
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blasted samples, figure 18D and E, is however not as clear as the difference in the XRD2
spectrums.
As indicated, by the low XRD2 peak broadening, treatment T2 produces very few cracked
grains even though some fragmentation is visible in figure 18F. SEM images from samples
treated with T3 are very similar to those from T2 and therefore not shown.

A

B

C

D

E

Figure 20. SEM images of the surface of samples A) G3UT, B) G3S, C) G3BL2, D) G3BL3 and E) G3T.
The dotted scale bar is 10 µm long in all images.

27

In figure 20 it can be seen that grade G3 have some cracks and fragmentation already before
surface treatment while the blasted samples has somewhat less cracks and fragmentation than
G2.
4.2.3 Hardness in-depth profiles
The hardness profiles, from the insert top and inwards, of tumbled samples of grade G1 and
G2 can be seen in figure 21. Three measurements were conducted at 10 different depths down
to 3 mm. In the left column of figure 21 all data is shown. A 2nd degree profile fit is also
shown to display trends clearer.
The data is scattered but shows a declining hardness as the distance to the surface increases.
In the right column of the figure the most deviating data points are removed and the result is a
stronger gradient. The affected depths in G1C and G2S both seem to be around 1.5 mm. Ctumbling induces slightly higher hardness deeper down from the surface than S-tumbling.
Since G2C should have the same bulk hardness as G2S, which seem to flatten out at around
1475 HV5, it is indicated that the affected depth in G2C is around 2.5 mm. Note that
measurements were only performed on one of each sample and also note the different y-scales
of the plots.
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A

B

C

D

E

F

Figure 21. Hardness profiles as measured, in A) G1C, C) G2C and E) G2S, in the left column and with most
deviating data points removed, in B) G1C, D) G2C and F) G2S, in the right column.
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In figure 22 the hardness profiles, with all data points, are shown for the samples treated with
blasting test 2 and treatment T2. Again there is a large spreading in the measurements and
only sample G2BL2 is indicated to have a decreasing hardness from the surface. The three
others have a constant hardness around the bulk hardness.

A

B

C

D

Figure 22. Hardness profiles of A) G1BL2, B) G1T2, C) G2BL2 and D) G2T2.
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Figure 23 shows hardness profiles in G3UT and G3S. Two measurements were conducted at
19 different depths down to 7.5 mm and the hardness clearly continuous to drop down to, at
least, this depth. The S-tumbled sample also shows a slightly higher hardness at the surface
than the untreated sample. Note that displayed data is the hardness, ΔHV5, above a certain
fixed level and also that measurements were only performed on one of each sample.

Figure 23. Hardness profiles of G3UT (left) and G3S (right).

4.2.4 Residual stress in-depth profiles
Figure 24 show residual stress profile in G3UT and G3S. The full length of G3S was
measured while measurements on G3UT were stopped at 6 mm. Results show a tendency of
compressive stress in the surface, down to around 1-2 mm, and tensile stress in the bulk
material.

Figure 24. Residual stress measured on the r-z plane of G3UT (left) and G3S (right)
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4.2.5 Coercive field strength
Table 5 shows the coercive field strength of tumbled and blasted samples and compares them
to the untreated samples by change in percent. The reason for two displayed values of G1UT
and G2UT is that measurements of tumbled and blasted samples were performed on two
different occasions where reference measurements on the untreated samples showed deviating
values. This issue is further discussed in section 6 but because of the unlikely result of a
decrease in Hc of G2C it is also compared, seen in brackets, to the reference measurement of
G2UT otherwise used for blasted samples.
Table 5. Coercive field strength and % change in surface treated samples.

Sample Treatment Hc
[kA/m]
G1
G1

G2
G2

G3

UT
C
UT
BL2
BL3
BL4
UT
C
S
UT
BL2
BL3
BL4
UT
S

5.896
6.270
5.854
5.890
5.861
5.890
11.27
11.24
11.49
11.05
11.12
11.09
11.09
9.898
10.12

ΔHc %
Compared to
UT
6.3
0.6
0.1
0.6
-0.2 (1.7)*
2.0
0.6
0.3
0.3
2.2

* Compared to untreated sample otherwise used for blasted samples (11.05 kA/m)

From table 5 it can be seen that the C-tumbled grade G1 has a higher increase, of 6.3 %, in Hc
than the tumbled samples of grade G2 and G3, which all have an increase of around 2 %. The
blasted samples all show a very small increase in Hc, but these should not be directly
compared to the tumbled samples since blasting is only performed on the insert top and
tumbling affects the whole insert surface.
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4.3 Discussion
For deeper understanding of, and connections between, the results they will be further
discussed in this section. Also the reliability of the results and sources of error will be
evaluated.
4.3.1 Surface residual stress
The results show that the effectiveness of introducing residual stress, by using the different
pre-treatment methods varies with the CC grade. In grade G1 treatment T2 and T3 give the
highest compressive stresses, blasting test 4 gives somewhat lower stress while blasting test 2
and 3 and C-tumbling give the lowest. The fact that blasting test 2, which combines the
highest pressure with largest particle size, results in lower residual stress than test 3 and 4,
with lower pressure and particle size respectively, can be explained by that the rougher test 2
also produces more crushed grains. This is confirmed by the broadening of the peaks in the
XRD2 spectrum from measurements, which are most severe for G1BL2. When the grains
brake they release some of the stored energy, i.e. stress. Depending on crack or fragment size,
the stress left in the grains varies and many grains of different stress levels will in turn be seen
as broadened XRD-peaks. Also the finer crystallite size itself will result in broader peaks.
From SEM images it can also be seen that blasting test 4, with smaller particle size, produces
less crushed grains and result in a higher residual stress. However, it should be noted that all
three blasting tests produce a lot of crushed grains and peak broadening in the XRD2spectrum, which in turn gives higher test uncertainties.
Cracking of surface grains may not necessarily be very negative as long as the grains are still
firmly bounded by the cobalt. If grains immediately under the surface are unbroken, the stress
in this region can be higher since no stress release occurs. Then only the very thin layer of
surface grains will be worn faster. In an example from Beste [2], field tested inserts, with a
diameter of 8-9 mm, where worn 5 mm before the drill bit had to be replaced. If the layer of
surface grains is estimated to be around 3 µm thick, then this is only 0.6‰ of the worn
material during the insert lifetime. However, cracking of WC and WC fragments breaking
loose is a common wear mechanism in field tested inserts. Also, the grain size of different
grades are chosen because they give the best performance for different applications and
changing the grain size of the surface can maybe lead to faster wear and deterioration.
Therefore treatment T2 and T3 give very interesting results since they induce very high
compressive stress but still leaves the grains relatively unbroken.
The harder grade G2 seems to withstand the blasting better and blasting test 2 gives the
highest residual stress. A lot of crushed grains can be seen in the SEM images but the peak
broadening is not as marked compared to grade G1. The effect of reducing the pressure from
P1 to P2, as in test 3, reduces the residual stress more than reducing the particle size from M1
to M2, as in test 4.
Grade G2 was the only grade subjected to both types of tumbling, which were found to induce
similar stress levels. From SEM images it is clear that both are gentler to the surface WC
grains than blasting but still rougher than T2 and T3.
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Grade G3 clearly has a very high residual stress level already in the untreated samples. The
residual stress after surface treatment is also often higher in G3 than G2. The induced stress
from surface treatment is however not purely additive and after blasting test 2 the residual
stress is higher in grade G2. The fact that SEM images shows cracking and fragmentation of
untreated grade G3, but less cracking and fragmentation of blasted grade G3 than for grade
G2, could suggest that G3 has a surface more resistant to rough treatments and abrasion.
4.3.2 Hardness in-depth profiles
The large deviation in the HV5 measurements makes it hard to see a significant hardness
gradient in any sample but there is a trend of decreasing hardness from the surface in the
tumbled samples. When the most deviating data points are excluded this trend becomes
clearer. These gradients also compare reasonably well to previous measurements by
Arvanitidis [20]. In his study Arvanitidis plots a mean value of three measurements at each
distance from the surface. Any deviating data points are also re-measured until a nondeviating value is received. It is possible that the highest and lowest values are received when
indents hit large WC grains and cobalt rich areas respectively and should therefore be
excluded but this gives a somewhat fabricated result. It is also natural to expect deviations in
this type of composite material. Therefore, the plots in this study containing all the data points
give a truer picture of the hardness gradients.
The affected depth of the tumbled samples is 1.5-2.5 mm according to the hardness profiles.
Referring to the example from Beste [2] again, where 5 mm of the inserts were worn before
the drill bit was changed, this would then mean that the layer of affected material from surface
treatments is present during ~40% of the insert lifetime. However, the stresses from the
surface treatment are most important during the first meters of drilling, before the applications
itself changes the stresses in the material.
In G1BL2, G1T2 and G2T2 there is no visible gradient and the hardness is constant around
the bulk hardness. In G2BL2 there seems to be a gradient similar to those in the tumbled
samples but the deviation between data points is too large to say that there is a significant
gradient. As the gradients in tumbled samples of grade G1 and G2 are similar, one would also
not expect G2BL2 to have a gradient when G1BL2 does not.
These results indicate that blasting and treatment T give a smaller affected depth, from the
insert surface, than tumbling. This is interesting since tumbling in most cases produced lower
residual stress at the surface. A possible explanation could be that when the samples hit each
other and the container walls during tumbling, the impacted area is larger. This could produce
a wider pressure pulse, which travels further down in the material [4, 8], than the impact of
the small particles from for example blasting.
However, because of the large scattering in the results, the hardness gradients cannot be said
to show a significant difference between the samples. This type of measurements is therefore
recommended to be complemented with other measurements, such as coercive field strength
measurements, which give indirect indications of the affected depth.
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In grade G3 the decreasing hardness from the surface is much clearer. It is mainly attributed
to the modification of the grade but the S-tumbled sample also shows a higher hardness close
to the surface. This property can be very advantageous since a very hard surface, with high
abrasive resistance, can be combined with a relatively ductile bulk material. However, it can
also have its drawbacks since the relatively soft bulk material could mean lower support for
the surface material.
4.3.3 Residual stress in-depth profiles
The residual stress gradients in grade G3 involve a compressive stress down to somewhere
between 1 and 2 mm and then a tensile stress in the bulk material. This can be compared to
the studies by Arvanitidis [21] and Blomqvist [24], where field tested inserts show very
different profiles with compressive stresses in a much larger region of the material. Field
tested inserts have however been subjected to much rougher treatment than the surface
treatments tested in this work
Since the r-direction of the cut inserts is the same as the direction measured in surface residual
stress measurements, the stress in r-direction close to the surface should be similar to the
surface residual stress. However, if figure 23 and figure 14C are compared one can see that
they are not. It is also easily understood that if polishing affects the residual stress, which was
proven in part 1, then cutting, grinding and polishing would too. Also, since residual stress is
an internal stress, removing a lot of material of course has a big impact on the result. Stresses
in the cross section plane, which are measured, are mostly affected by the material in the same
plane, which is still there. However, due to Poisson’s ratio and chain effects of stress release
they will be affected also by material in other direction, which has been removed. This sample
preparation and measuring method is therefore deemed unfit and unreliable.
These factors make the measured gradient uncertain. However, since the residual stress in the
cut sample seems to move towards tensile stress it can be assumed that the region of
compressive stress is larger than indicated by the measurements.
No residual stress profiles were measured of grade G1 or G2 since grade G3 showed the
significant decrease in hardness from the surface and still did not give a reliable residual stress
profile.
4.3.4 Coercive field strength
The larger change in coercive field strength after tumbling of grade G1 is likely due to the
higher cobalt content of this grade. This leads to a higher fraction of the induced energy being
taken up by the cobalt and the resulting deformation and dislocation movement results in a
higher Hc increase. Since the measured stress is the stress in the WC grains this would
therefore be lower. This is confirmed by looking at the surface stress, in figure 14, where the
untreated samples of grade G1 and G2 have similar stress while grade G2 have higher
compressive stress after tumbling. This shows that different CC grades are affected differently
by the same surface treatment and that different set up parameters for the surface treatment
should be used to give the most efficient treatment.
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The blasted samples showed a change in the surface appearance down to around half the
insert length. Assuming that this is the part of the insert that is subjected to the blasting
stream, it can partly explain the small change in Hc of the blasted samples. However, the
maximum change of Hc in blasted samples is only 0.6%, which is not near half that of the
tumbled grade G1, 6.3%, or tumbled grade G2, around 2%. This confirms that blasting
affected smaller depth, which has previously been indicated in the hardness profiles.
The use of Hc measurements to compare the affected depth from the same treatment of
different CC grades is however seen to be inaccurate. Hardness profiles show a larger affected
depth of G2C than G1C while the change in Hc is much larger for G1C. This goes in line with
Blomqvist [22].
When reference samples of untreated grade G2 were measured it was found that there were
some deviations between samples and two particularly common levels were found around
11.05 and 11.27 kA/m. The reason for this is unknown but could be due to samples from two
sintering batches being mixed up. This also shows that coercive field strength should be
measured on the same individual sample before and after tumbling for best accuracy.
4.3.5 Sources of error
Several sources of error have a potential to alter the results of this work and some of the major
ones will be discussed here for validation of the results.
During the surface treatments there is a risk of uneven treatment of samples. In S-tumbling
there was a large variation in batch sizes since it was performed “when there was a need for
it”. Because the working principle of tumbling is that the samples grind and hit against each
other, a smaller batch size will probably result in less effective treatment. All S-tumbled
samples used in this work were from the same batch and results could differ if measurements
were conducted on samples from another batch.
Since treatment T was conducted with a relatively simple set up there is a risk that samples
were differently treated and even that different areas of individual samples were treated
differently. As only one XRD2 measurement was conducted for each sample, on a circular
area with approximately 0.8 mm diameter, there is a risk that this measurement is not
representative for the whole insert area. However, the result shows a quite logical order of
highest stress in the samples treated with the most aggressive parameters.
For C-tumbling and blasting the used machines and set up parameters are believed to give
more equally treated samples. It should however be remembered that different equipment
could lead to very different results. For example, using the same pressure, particle size and
covering factor but a different equipment and blasting gun, would not necessarily give the
same result. The result from this work gives some indications to how different treatments
methods compare in general but they are only applicable with certainty to the specific set ups
that were tested.
When it comes to the stress measurements with XRD2, part 1 shows that there are some
deviations between results. The maximum difference between highest and lowest stress on
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the same (unpolished) sample is 231 MPa. The same difference from measurements on three
individuals is 380 MPa from measurements on G1C. This is a quite large difference, but if the
lowest value from G1C is excluded the maximum difference is lowered to 261 and 27 out of
30 measurements differ by 167 MPa or less. These deviations should be considered when
comparing the treatment methods but results from figure 12 are also backed up, or explained,
by SEM-images and coercive field strength measurements.
Measurements of hardness profiles indicate a decreasing hardness from the surface on some
samples but this gradient is often smaller than the scatter. More statistics would be needed to
say that there is a significant change in average hardness, but some results are backed up by
results from Arvanitidis [20].
Sample preparation is a problem that is hard to come around when it comes to measuring both
hardness and especially residual stress gradient. The measuring method used in this work was,
as previously mentioned, deemed unfit because the cutting, grinding and polishing preparation
change the stress state extensively.
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5 Conclusions
The present work provides interesting knowledge about residual stresses and surface
treatment methods. Based on the analysis of measuring methods and of the performed
tumbling, blasting and treatment T tests on grade G1, G2 and G3 the following conclusions
can be drawn.


Measure surface residual stress on an unpolished surface. This avoids stress being
induced by polishing, gives more consistent results and is also faster.



Do not use 0.05 mm collimator for stress measurements on the CC grades used in this
study due to the low number of grains being measured.



To not fracture WC grains in the softer CC grade G1, with higher cobalt content and
larger WC grain size, less aggressive surface treatments is needed.



Blasting introduces the highest compressive stresses in the harder CC grades G2 and
G3.



Blasting produces a lot of cracking and fragmentation of the WC grains in all CC
grades. In the softer grade G1 it also introduces lower compressive stress compared to
other treatments.



Treatment T shows interesting result since it induces high compressive stresses,
especially in grade G1, but still leaves the surface WC grains unbroken as seen in the
SEM images.



Tumbling does not produce the highest surface stresses in any of the CC grades but
produces the highest increase of coercive field strength and deepest affected depth.



Due to the large effect from cutting and polishing, measurements of residual stress on
insert cross sections are inaccurate and the sample preparation method used is deemed
unfit.



More of the induced energy from surface treatments is taken up by the cobalt in the
cobalt rich CC grade G1. Hence, less stress in induced in the WC grains with the same
tumbling method.
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5.1 Future work
The conclusions drawn provide some interesting answers regarding residual stresses in rock
drill inserts. At the same time they raise new questions and many interesting investigations
still remain to be done. Some of them are as follows.


How do the differently treated inserts perform in a rock drill simulation? Previously
performed master thesis by Oscarsson [25], Wallin [26] and From [1] have developed
a wear test for rock drill inserts with a rotating rock cylinder. This could be used to
evaluate the surface treatments further.



How do the differently treated inserts perform in a pendulum hammer test? This is a
way of testing the amount of energy needed to break the inserts, which correlates to
the wear resistance.



Is there a more accurate and efficient way of measuring residual stress in-depth
profiles? The method used in this study was deemed unfit but maybe a more
sophisticated procedure could enhance the results.



More detailed studies of treatment T would be interesting to perform with more
parameters varied. More advanced equipment could also assure the reproducibility of
the tests and also be more similar to a real production.



Is it possible to measure the residual stress in the cobalt? The present XRD2 method
only measures the stress in the WC grains. Investigations of FCC to HCP
transformation of the cobalt, by conventional XRD, could also provide information
about the effects on this phase.
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