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Sammanfattning 
Abstract 

The aim of this thesis is to investigate how material surfaces are affected by various surface treatments and how this relates to the adhesion of the 
coating. The materials that were studied were WC-Co and Cermets and the surface treatments used were polishing, grinding with coarser and finer 
abrasive grains, and finally wet blasting and dry blasting. Focus was on deformations and residual stresses in the surface, surface roughness and 
cracks. The test methods used for examining the samples included surface roughness measurements, residual stress measurements, adhesion tests 
using Rockwell indentation and SEM images of the surface and the cross section. 
 
The results concluded that polishing gives very good adhesion. Additionally, the adhesion for ground surfaces was good for WC-Co but very poor 
for Cermets. Furthermore, it was observed that finer abrasive grains did not result in better adhesion. In fact, the coarser grains gave slightly better 
results. Finally, it was concluded that wet blasting has a clear advantage over dry blasting and results in much better adhesion, especially for the 
Cermets. The results for the WC-Co were a bit inconsistent and so further research is required. 
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Abstract 
The aim of this thesis is to investigate how material surfaces are affected by various surface 
treatments and how this relates to the adhesion of the coating. The materials that were studied 
were WC-Co and Cermets and the surface treatments used were polishing, grinding with coarser 
and finer abrasive grains, and finally wet blasting and dry blasting. Focus was on deformations 
and residual stresses in the surface, surface roughness and cracks. The test methods used for 
examining the samples included surface roughness measurements, residual stress measurements, 
adhesion tests using Rockwell indentation and SEM images of the surface and the cross section. 
 
The results concluded that polishing gives very good adhesion. Additionally, the adhesion for 
ground surfaces was good for WC-Co but very poor for Cermets. Furthermore, it was observed 
that finer abrasive grains did not result in better adhesion. In fact, the coarser grains gave slightly 
better results. Finally, it was concluded that wet blasting has a clear advantage over dry blasting 
and results in much better adhesion, especially for the Cermets. The results for the WC-Co were 
a bit inconsistent and so further research is required. 
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1 Introduction 
1.1 Metal Cutting 
Metal cutting, or machining, concerns processes in which material is progressively removed 
from a workpiece. The removal can be done using tools with defined cutting edges (e.g. 
turning, drilling, milling etc.) and grinding with an abrasive wheel, consisting of numerous 
undefined micro-cutting edges with random shapes and orientations. Most metals and alloys 
are very hard and thus difficult to cut. The cutting tools need to withstand the extreme 
conditions under which the operations take place, which include high temperatures, high 
contact stress and the friction between the workpiece surface and the rapidly moving chips. 
Therefore, the cutting tools are required to have certain properties and depending on the type 
of the machining operations, the workpiece material and general thermomechanical process 
conditions, these properties can be 
 

• High hardness at high temperatures (hot hardness) to resist abrasive wear 
• High deformation resistance to prevent plastic deformation in the cutting edge under 

the high stress and temperatures that occurs during chip formation 
• High fracture toughness to resist edge micro-chipping and fracture particularly in 

interrupted cutting 
• Chemical inertness (low chemical affinity or high chemical stability) in relation to the 

workpiece material to protect against diffusion, and chemical and oxidation wear 
• High thermal conductivity to reduce the temperatures near the cutting edge 
• High fatigue resistance for tools having to deal with peaked mechanical loads 
• High thermal shock resistance 
• High stiffness to preserve its precision 
• Adequate lubrication to increase welding resistance and avoid built-up edge formation 

 
Obviously, no cutting tool fulfills all desired properties and some of them are even mutually 
exclusive (e.g. hardness vs. toughness) where improving one inevitably will worsen the other. 
 
The essence of all machining using cutting tools is to produce the desired machined surface 
by making use of an appropriate relative motion between the cutting tool and the workpiece. 
To be able to remove the intended material, generally two types of relative motions have to be 
provided by the metal-cutting machine. These are: 
 

1. The primary motion, which is the principal motion provided to either the tool or the 
workpiece. It can be rotational or linear and it is the primary rotation that generates a 
relative motion between the tool and the workpiece. 

2. The feed motion, which is a linear motion that leads to a repeated or continuous chip 
removal and finally producing the machined surface. The feed motion is usually 
continuous but can also be stepwise.  

 
The motion created by simultaneous primary and feed motion is called the resultant cutting 
motion. There are velocities corresponding to each of these motions and they are denoted , 

 and  for the instantaneous velocity of the primary motion, feed motion and the resultant 
motion respectively [7]. 

cv

fv ev



1.2 Tool Geometry 
Tools are designed in all kinds of shapes and forms as is displayed in Figure 1-1 and their 
specifications can be very complex. Nonetheless, a simplified description of one form of tool 
will be presented to give an idea of the geometry of cutting tools and to introduce some 
terminology. The surface along which the chips flow is know as the rake face and the flank 
face is the surface that contacts a new or machined workpiece surface. The intersection of the 
rake face and the flank face forms the cutting edge. The tool is designed and held in such a 
way to avoid scraping of the flank face against the recently cut workpiece surface. The flank 
angle, i.e. the angle between the flank face and the workpiece surface, is variable but is 
usually around 6-10°. The rake angle is measured between the rake face and the workpiece 
surface normal. When the rake surface goes past the normal is it said to have a positive rake 
angle, otherwise it is called negative rake angel. The nose is the rounded tip on the cutting 
edge and can be sharp as well as being rounded, where the latter is more common. The 
roundness of the tip is decided by the nose radius [7, 20]. 
 

 
Figure 1-1 A variety of tools of different shapes. 

1.3 Surface Treatments 
All components have to be treated at some point to be given the desired shapes and 
characteristics. Examples of treatments are different types of blasting, grinding and polishing. 
Unfortunately, treating the materials also damages them to some extent and this can have 
consequences for the adhesion of the coating. What kinds of damages each type of treatment 
causes and what the major factors behind causing them are is not completely clear and is an 
area of research. Generally, blasting and grinding are believed to induce residual stresses, 
usually compressive, and cause cracks in the surface and subsurface. They also affect the 
surface topography. All these factors have an impact on the adhesion as it is much dependent 
on the structure of the substrate surface [21]. It is not known exactly what happens when these 
deformations are caused and what the key factors causing them are. Some relations have been 
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discovered and confirmed while others are more elusive and different studies give 
contradicting results. The variable parameters are many and techniques for measuring 
different qualities are limited and sometimes complicated, which makes it difficult to pin 
down the link between the parameters and the damage they are responsible for. As more 
research is done more and more is discovered about the influence of different parameters in 
the process treatments, such as the size of the abrasive material, the depth of the cut and the 
wheel speed in grinding, but also the attributes of the material itself such as grain size and 
porosity [10, 13, 16]. Identifying a relation between the effects of some of these factors on the 
adhesion would be valuable for improving the coating adhesion and in doing so prolonging 
tool life and increasing efficiency, among other things.  

1.4 Problem Formulation 
Seeing that most tools today are coated with thin films, it is of interest to get an idea of the 
condition of the surfaces before depositing the films onto the substrate as it will have 
consequences for the adhesion of the coating. The scope of this thesis is to examine these 
conditions for WC-Co and for Cermet samples which have undergone different surface 
process treatments, more precisely, wet blasting, dry blasting, polishing and top and bottom 
grinding with two different grain sizes. Focus will be on surface deformations, induced 
residual stresses throughout the surface and crack propagations in the grains and along the 
grain boundaries as well as the depth of the cracks. As a final step before coating the 
materials, they are treated one last time, e.g. by means of etching, to remove the remaining 
deformations. Thus, knowing in what way the surface has been deformed and how far down 
the cracks have reached is of great importance for the optimization of the techniques used for 
removing them, and so also for improving the adhesion. An increased awareness of the type 
of deformation facilitates the choice of the appropriate method for dealing with it, and by 
knowing the depth of the cracks one can optimize the treatments to not remove more than 
what is actually necessary, and thus eliminate excessive treating. This will lead to a reduction 
of used resources and consumed time per product, which is obviously economically beneficial 
for the company. Finally, the adhesion of the film will be investigated and the process 
treatments’ impact on the adhesion will be assessed. Additionally, it will be inquired whether 
there are any apparent connections between parameters such as surface roughness and residual 
stress, and the adhesion. 

 15
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2 Theory 
2.1 Materials 

2.1.1 Cemented Carbides 
Cemented carbides are the most dominant cutting tool material in the world and are used in 
more than half of all the tools produced today. The rest is accounted for by high speed steel 
(HSS) with approximately 40%, and the remaining 10% by all other materials. The cemented 
carbides are produced from powders using metallurgical methods where different carbides are 
put together with tough metals which serve as a binders. The most frequently used carbides 
are tungsten carbide (WC), titanium carbides (TiC), tantalum carbide (TaC) and niobium 
carbide (NbC). The material used as binder is usually cobalt (Co). The amount of hard 
particles in the carbide tools varies from around 70-96% by weight. The type, size and 
concentration of the particles allow the manufacturer to control the properties of the tool. The 
increase of hard particles improves the wear resistance of the cemented carbides and 
compressive strength. Furthermore, the modulus of elasticity increases. If instead the binding 
material is increased, the tools becomes tougher and with a higher bending strength. Different 
properties are suitable for different applications, and so they have been classified according to 
an ISO system of classification. The letters P, K, M and their respective colors blue, yellow 
and red indicate the application groups for long-chipping materials, stainless steels and heat-
resistant alloys, and short-chipping materials. These letters are then combined with numbers 
to designate further for what applications the grade is appropriate, where the applications can 
be anything from light finishing (01) to heavy roughing (50). [7]  

2.1.2 Cermets 
Cemented carbides which have hard particles made out of titanium carbide (TiC), titanium 
carbonitride (TiCN) and/or titanium nitride (TiN), instead of tungsten carbide (WC), is 
collectively called cermets (CERamic and METal). Cobalt and nickel often serve as the 
binding material. Cermets, compared to cemented carbides, are more resistant to abrasive 
wear, have better hot hardness, are more stable chemically and are less likely to suffer from 
oxidation wear. In contrast, there is a decrease in strength and toughness as well as in the 
thermal shock resistance. [7] 

2.1.3 Cutting Tool Coatings 
Most tools today are being coated with thin films to prolong tool life and enable an increase in 
cutting speeds. Carbides coated by means of chemical vapor deposition (CVD) or physical 
vapor deposition (PVD) are estimated to be used in 38% and 15% of all main cutting tools 
respectively. Coatings that have been found useful are generally borides, carbides, nitrides and 
oxides. The coating of tools has gained popularity because of its ability to modify the cutting 
process performance, either directly or indirectly. For example, it can increase a particular 
kind of tool wear (direct influence), or alter friction heat generation or heat flow (indirect 
influence) [7].  
 
The process chosen for coating is either CVD or PVD and depends on the material and what 
the intended application is. In CVD, the tools are heated in a reaction chamber to about 1000° 
after which volatile compounds (the constituent of the coating material) and gaseous hydrogen 
(the carrier gas) are delivered into the chamber. As they come in contact with the heated 
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substrate they react or decompose and form a solid phase which is deposited onto the 
substrate [7]. 
 
The other coating technique, PVD, is carried out in vacuum. First a so called target consisting 
of the coating material is bombarded with a high energy beam of electrons or ions and by 
doing so atoms are freed from the target. This is called sputtering. The sputtered atoms will 
then be transported towards the surface and deposited onto it. PVD coatings are as a rule 
thinner than CVD coatings [7]. 
 
One method to evaluate the adhesion of the thin film deposited onto the material is by using 
the Rockwell indentations. This is originally a hardness test, but can also be used for 
evaluating the adhesion of the coating. The test uses either a diamond cone or a hardened steel 
ball as the indenter. Firstly, the indenter is pressed into contact with the surface. Thereafter a 
force is applied causing the indenter to penetrate the material and cause plastic deformations. 
After making the indentations, they are examined using SEM [20]. For films with good 
adhesion there will only be cracks spreading out from the crater created by the indenter.  If the 
adhesion is inadequate the film will flake along the edges of the crater, see Figure 2-1. 
 

a) b) 
Figure 2-1 Examples of good adhesion a) and bad adhesion b) 

2.2 Mechanical Properties 

2.2.1 Stress 
When dealing with external forces applied to a material body, causing it to elongate or 
contract, the magnitude of the force itself is not as relevant as the force scaled to the area over 
which the force operates. This is called stress and is defined as 
 

A
F

=σ   (2.1) 

 
where  is the applied force and F A  is the area before deformation. This stress is sometimes 
referred to as the engineering stress as opposed to true stress, which is the stress calculated 
with the area after the forces are applied.  A significant difference between the force and the 
stress is that for stresses the body is at equilibrium and the forces do not result in acceleration. 
Stresses causing the body to extend are called tensile stresses and have positive values while 
compressive stresses resulting in a contraction have negative values [3, 22]. Beside tensile and 
compressive stresses there are also shear stresses which are defined as forces applied parallel 
or tangential to the face of the area A . The shear stress is defined as 

 18



 

A
F

=τ   (2.2) 

 
where  is the shear force and F A  the area parallel to the shear force. Most stress systems are 
three-dimensional but as this thesis concerns thin surfaces on which there is no load the 
analysis will be reduced to a state of plane stress, see Figure 2-2. In the case of plane stress 
where no forces normal to the plane are present the stresses can be described as a tensor with 
 

 2121111 AAF σσ +=  (2.3) 
2221212 AAF σσ +=   (2.4) 

 
where  is the vector of force components, iF ijσ  is the stress components and  is the area 
expressed as vectors. The magnitude of the vector corresponds to the size of the area and the 
direction corresponds to the normal of the area [3, 22]. This can be rewritten as  

iA

 
iiji AF σ=   (2.5) 

 
where  
 

2221

1211

σσ
σσ

σ =   (2.6) 

 

 
Figure 2-2 A combination of normal and shear stresses in two dimensions for a body in plane stress. 

y 

x 
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xyτ
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2.2.2 Strain 
When a material is exposed to tensile or compressive stresses a change in length will occur 
and the fractional change is described by the normal strain which is defined as 
 

l
lΔ

=ε   (2.7) 

 
where  is the change in length and l  is the original length. This can be written more 
generally as 

lΔ

 

i
ui

i ∂
∂

=ε   (2.8) 

 

where iε  is the strain along the i -axis and 
i

ui

∂
∂

 is a partial derivate of a displacement field u  

at an arbitrary point along the i -axis. Strain is a dimensionless quantity and is commonly 
expressed as a percentage or a decimal fraction. Tensile strain corresponds to positive values 
and compressive strain to negative values [3, 22]. In order to completely describe the strains 
in a material body we also need to introduce shear strains. A shear strain is the tangent of the 
total change in angle occurring between two originally perpendicular lines in a body during 
deformation (see Figure 2-3). Since the distortions are considered small, the tangent of the 
angle of distortion can be approximated with only the angle [3, 22]. The shear strain, 
measured in radians, is then defined as 
 

θπγ ′−=
2xy   (2.9) 

 

y  

x

θ ′

 
Figure 2-3 A deformed rectangle and its initial shape (dashed line) 

2.2.3 Elasticity 
Elasticity is a deformed material’s ability to return to its initial shape as the stresses causing 
the deformation are removed. For isotropic materials, meaning they are identical in all 
directions, stress is directly proportional to the strain for relatively small deformations 
according to Hooke’s law, 
 

εσ E=   (2.10) 
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where E  is Young’s modulus which is a measure of stiffness. There is a certain point, 
however, after which the body will no longer spring back to its original shape as the stresses 
are removed. This point, at which the deformations have become permanent, or plastic, is 
defined as the yield point. Ultimate strength is the highest stress a material can withstand 
before rupturing. 
 
The stress-strain relation can be expanded into three dimensions, and is then known as 
generalized Hooke’s law which consists of the follow terms 
 

 [ ])(1
zyxx v

E
σσσε +−=  (2.11) 

 [ ])(1
zxyy v

E
σσσε +−=  (2.12) 

[ ])(1
yxzz v

E
σσσε +−=   (2.13) 

 
 
 
where  is Poisson’s ratio [2, 3, 22]. v

2.3 Fractures 

2.3.1 Ductile and Brittle Fracturing 
For ductile materials a great deal of plastic deformations takes place before it fractures. The 
increasing stress causes the cross section area of the material to decrease and a necked region 
is formed. In that region tiny voids begin to form and gradually become an internal crack 
spreading transversely in a direction perpendicular to the applied tensile stress. In the final 
step, the crack spreads until it reaches the material surface by shearing at a 45° angle to the 
applied stress. The fracture usually has the form of a cup and a cone. This is known as ductile 
fracture. 
 
Brittle fractures occur in a different manner. In brittle fracturing the material breaks before 
any plastic deformation has taken place. The cleaving of the grains in the material occurs 
along atom planes and because of this the surface of the fractured material looks bright and 
has a grainy texture as it reflects light from single crystal surfaces [2, 22].  

2.3.2 Griffith Crack Theory 
According to Griffith’s crack theory all materials contains small cracks but they will not 
propagate until a certain stress is reached, where this stress limit depends on the crack length. 
Griffith’s theory gives that the condition that has to be fulfilled for the crack to grow is 
 

a
E

π
γσ 2

=   (2.14) 

 
where σ  is the applied stress, γ  is the free surface energy of the solid, E  is the modulus of 
elasticity and  is half the crack length. Thus the relation between the crack length and the 
stress is 

a
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2

1
σ

∝l   (2.15) 

 
The condition for crack propagation used in deriving Equation 2.14 was that the released 
elastic strain energy is sufficiently great to provide the required surface energy. This condition 
is valid in the case of brittle failures. If beside the elastic deformation there is also plastic 
deformation this energy has to be included in the calculations. Hence we get 
 

a
E p

π
γγγ

σ
)(2 +

=   (2.16) 

 
where pγ  is the plastic deformation energy. Generally pγ  is much greater than γ  for most 
metals [2, 22]. 

2.3.3 Fracture Toughness 
Fracture toughness is the property describing the resistance of a material containing a crack to 
fracturing. There are several ways to measure the fracture toughness and one of them is the 
elastic strain release rate , or simply toughness as it is often called, at the tip of a crack. If 
the value of G  reaches the critical value, denoted , the crack will propagate. For brittle 
materials crack propagation occurs when strain energy released is equal to or greater than the 
energy required to create the two crack surfaces. Thus, for brittle materials 

G
cG

 
γ2=cG   (2.17) 

 
For ductile materials, the plastic deformation and the energy corresponding to it has to be 
taken into consideration. In this case crack propagation occurs when 
 

)(2 pcG γγ +=   (2.18) 
 
The Griffith equation can now instead be rewritten as  
 

a
EGc

π
σ =  (2.19)  

 
A high  value corresponds to high fracture toughness in the material. cG
 
Another way to determine the fracture toughness is by considering the stress intensity factor at 
the tip of the crack required for the crack to propagate. The stress intensity factor, K , is used 
for the quantity aπσ . Using the critical stress intensity factor  Equation 2.19 can be 
written as 

cK

 
EGK cc =2  (2.20)  

 
and thus crack propagation takes place when 
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a
K c

π
σ =   (2.21) 

 
Tougher materials have higher  values [2, 22]. cK

2.4 Abrasive Processes 
By abrasive processes one usually means processes in which the cutting edges are spread out 
and also randomly oriented. To obtain surfaces with desired characteristics one often utilizes 
abrasive finishing processes. Common for all of these processing techniques are that they use 
wear-resistant abrasives in the processing of the surfaces. Here, only the processes relevant to 
this thesis will be presented 

2.4.1 Grit Blasting 
Grit blasting is a process where abrasive particles are accelerated and forcefully projected 
towards a workpiece. These high velocity particles remove contaminants from the surface and 
prepare the material surface for succeeding finishing. The particles are accelerated using 
compressed air or high speed wheel rotation. The abrasive medium can also be suspended in 
chemically treated water and is then called wet blasting. In wet blasting, the liquid acts as a 
lubricant and cushions the impact of the grits on the surface, making it possible to obtain a 
somewhat smoother surface finish [17]. 
 
Grit blasting often induces plastic surface deformations as well as compressive residual 
stresses. In a study [21] it was shown that the size of the grains of the blasting material highly 
affected the surface topography. Blasting material with grains bigger than the carbide grains 
induced serious plastic deformations. For grains smaller than the carbide grains the plastic 
deformations were reduced and the abrasive effect instead increased. This was the reason 
more residues from the blasting material was found stuck on the surface in the case of the 
coarser grains. In contrast, when using finer grains the residues got removed together with the 
binder due to the more abrasive effect of the fine grains. In the same study a direct relation 
between coating adhesion and grain size was discovered. Samples blasted with coarse Al2O3-
grits were more prone to coating failures compared to unblasted samples. Blasting with finer 
grains showed good adhesion in indentation and scratch tests. 

2.4.2 Grinding 
In the grinding process the abrasive grits are bonded to a swiftly rotating wheel. Every grain is 
randomly orientated, and so the grain can meet the workpiece surface at a positive, zero and 
negative rake angle, although the latter is more likely. The manner in which material is 
removed in grinding is very similar to the one in cutting tools. A big difference, however, is 
the size of the chips. The chip size in grinding is much smaller than 0.1 mm while in cutting it 
is larger then 0.1 mm, and consequently, grinding results in better surface finishing [17]. 
Among the great variety of grinding wheels available, choosing a suitable wheel for the 
application is of great importance for the efficiency of the grinding. Parameters that have to be 
considered are diamond type, grit size, grit concentration and bond type [1].  
 
The damaging effect of grinding depends on the material being ground. For ductile materials, 
e.g. metals, plastic deformation is used to explain the deformation. For brittle metals, e.g. 
ceramics, brittle facture is instead used to describe the deformation. Composites experience 
both plastic deformation and brittle fraction during grinding. Generally, grinding increases the 
compressive residual stresses in the surface of the ground material. Studies show that the 
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grain size of the abrasives in the grinding wheel plays a part in the induced residual stress, 
where increased grain size leads to increased stress [9, 23]. The grinding induced residual 
stresses might also be direction dependent. However, the results are not consistent and there 
are studies showing that the residual stress is higher perpendicular to the grinding direction 
rather than parallel to the grinding direction, while others have found just the opposite to be 
true [13]. There are also studies claiming that the difference in residual stress is more or less 
the same, regardless of the direction [9]. Furthermore, a study [8] showed that during grinding 
of WC-Co the carbide grains crack and get pulverized due to the high forces imposed by the 
abrasive grains. The binder, which is softer, gets partly removed from the surface and partly 
smeared out over the surface together with the crushed carbide grains. After grinding, a 
deformed layer was found on the surface, which had a thickness of approximately 1.5 µm. 
The deformed layer was composed of broken and crushed bits of WC grains held together by 
the cobalt binder. The binder was smeared out in a rather homogeneous manner within the 
deformed layer, whereas in the bulk the binder is mainly confined in between the carbide 
grains. Moreover, no relation was found between the thickness of the deformed layer and the 
depth of cut. This was also found in another study, made on ceramics, where the obtained 
results indicated that the subsurface cracking caused by grinding was not considerably 
influences by increasing the depth of cut [13]. In contrast, yet another study on ground 
ceramics showed that grinding induced compressive residual stress and that the magnitude of 
the stress was dependent on the single grain cutting depth [9]. 

2.4.3 Polishing 
Polishing is considered an excellent processing method due to its high accuracy. However, the 
high quality comes at the cost of the technique being rather expensive as well as time-
consuming. Consequently, in the industry polishing is not opted except for when there are 
very high requirements on the final product. 
 
Polishing utilizes loose abrasives and the method is based on the sliding friction between the 
abrasive particles and the surface. The polisher is moved across the surface putting a slurry of 
sand or mud-like particles in contact with the surface. The chip size during polishing is very 
small and incredibly fine abrasives are used. This makes it possible to obtain an extremely 
fine surface finish [17]. Polishing is considered as a treatment that does not cause 
transformation or micro cracks while removing material from the surface. This is an 
approximation, however, and it not entirely true [23]. 

2.5 Methods of Measurement 

2.5.1 Scanning Electron Microscopy 
Scanning electron microscopy, often referred to as SEM, is a microscopy technique used for 
collecting topographical information among other things. The surface is scanned with an 
electron beam which results in an emission of electrons which are detected and the output 
from the detector is then presented on a screen as an image. The electron beam is normally of 
the size 2.5-50 kV. For the SEM to work, the sample has to be conductive. Non-conductive 
specimens have to be coated with a conductive material. Advantages of the SEM is its high 
resolution, which for a typical sample is around 5 nm, its ability to manage thick samples, the 
many types of characterizations that can be made and also the intuitive and easily interpreted 
images it produces [14]. 
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2.5.2 X-ray Diffraction 
X-ray diffraction, also called XRD, is an analytical technique used for examining the 
structural arrangement of atoms and molecules. What makes x-rays a suitable choice for this 
purpose is the similarity in size between the x-ray wavelengths and the atoms. It should also 
be noted that XRD is a non-destructive technique. 
 
X-ray diffraction is based on the interaction between the crystal lattice and the x-ray wave 
front resulting in constructive and destructive interference due to phase differences between 
different waves. Why these phase differences arise is explained by the difference in path 
lengths traveled by each wave front. The required conditions, under which the waves interfere 
constructively, can easily be calculated using Bragg’s law 
 

λθ nd =sin2 , (2.22)  
 
where  is the spacing between the atomic planes, d θ  is the incident angle measured between 
the incident beam and the crystal plane,  is an integer representing the order of the 
diffraction peak and 

n
λ  is the wavelength. In other words, diffracted beams will appear when 

the difference in the length traveled equals an integer number  of wavelengths n λ . Moreover, 
seeing that θsin  can not exceed unity, Bragg’s law sets an upper limit for the wavelength and 
thus makes diffraction possible only when d2≤λ . In most crystals the interplanar spacing  
is of the order 3 Å or less, hence 

d
λ  ought to be smaller than 6 Å. However, if the wavelength 

is too small it leads to very small diffraction angles which can be inconvenient to measure. In 
Figure 2-4 one can see that the angle between the diffracted beam and the transmitted beam, 
which is referred to as the diffraction angle, always equals θ2  and is in most cases the angle 
measured in experiments. 
[4, 6] 
 

θsin2d  

θ

θθ

d  

 
Figure 2-4 Illustration of Bragg’s law nλθd =sin2 , where  is the spacing between the atomic planes, d
θ  is the incident angle,  is an integer representing the order of the diffraction peak and n λ  is the 
wavelength 
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2.6 Surface Finish 
There are various instruments for measuring the surface roughness. One of these is the stylus 
instrument where a stylus is dragged across the surface measuring the surface roughness. The 
surface roughness can be described using different parameters which all have their advantages 
and disadvantages. Three parameters that are of interest are 
 

• arithmetic mean deviation of the profile,  (ISO) aR
• mean peak to valley height, (DIN) zR
• maximum peak height,  (ASME) pR

 
The standards, according to which the parameters are defined, are written in parenthesis to 
avoid confusion since some parameters have different definitions according to different 
standards. 
 
The arithmetic mean deviation of the profile, , is the arithmetic mean of the absolute values 
of distances from the mean line to the profile. In some countries  is referred to as CLA 
(Center Line Average) or AA (Arithmetical Average). They are all identical; the only 
difference is that CLA and AA are expressed in inches.  is defined as 

aR

aR

aR
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where L  is the evaluation length.  is not very sensitive to sporadic deviations and remains 
rather constant if some deviations are encountered. Obviously, this means that these 
deviations will go by undetected. However, since in most cases these are not of much interest 
anyway, the negligence of the deviations is seen as a positive feature. 

aR

 
The mean peak to valley height, , is established by taking the maximum peak to valley 
height in five consecutive sampling lengths and establishing the average peak to valley height, 
as follows 
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where  is the number of samples lengths,  is the peak to valley height in the  sample 
length.  gives a idea of the mean vertical structure of the surface. Sporadic deviations do 
not have a big impact on  either. If for example there is one deviation throughout the 
sample length it will only affect the end result with 20%.  

S iRt thi

zR
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The maximum profile peak height, , tells which is the largest profile peak height  
within a sampling length and is defined as 

pR pZ

 

ip Zp
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R

≤≤
=

1
  (2.25) 
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where  is the height of the  profile peak within the sample length and  is the number 
of peaks. Opposite to the two previous parameters,  is very sensitive to deviating peaks. 
One should keep in mind that these parameters only present a small aspect of the surface 
profile, meaning that they should be interpreted cautiously. Currently,  and  are the 
most dominant parameters in describing surface roughness [24].  

iZp thi n

pR

aR zR

2.7 Measurement of Residual Stress 
When a metal is deformed due to stress it results in alterations in the interplanar spacing . 
Depending on the homogeneity of the strain different types of alterations will occur. A 
uniform and tensile strain perpendicular to the reflecting planes will result in an elongation of 
the interplanar spacing. The new plane spacing will basically be invariable regardless of the 
grain given that the set of planes in the different grains have the same orientation in reference 
to the stress. Moreover, the elongation causes a shift of the diffraction lines corresponding to 
the reflecting planes to smaller angles. It is by measuring this shift that one can find the 
existing strain and is so the basis of residual stress measurements. Besides the shift of the 
diffraction line no other changes occur and the peak remains intact. If the strain instead is 
nonuniform, it can be seen that the spacing in an arbitrarily chosen set of planes might vary 
within the grain or between two separate grains. This can be detected experimentally as the 
diffraction line will be broadened. In the cases where both types of deformations are present 
in the material these two effects will be superimposed, and consequently the diffraction line 
will be both shifted and broadened [4, 6]. 
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Figure 2-5 Stresses at the surface of a stressed body where 0=zσ  and φσ  is the sought stress. The x, y 

and z axes are the principal directions, and xσ , yσ  and zσ  are the principal stresses. 

 
In a stressed body, one can always find three directions that are normal to planes where there 
are no shear stresses. These are called the principal directions and the stresses in these 
directions are referred to as principal stresses (see Figure 2-5). When dealing with a surface 
there can only be a biaxial stress system, meaning that one never needs to worry about more 
than two stress components which both lie in the surface plane. We can thereby set zσ , the 
stress normal to the surface, to zero. The stress zσ  should not be confused with the strain zε  
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however, which has a nonzero value and can be measured experimentally by determining the 
spacing  between the planes parallel to the surface and is given by d
 

0

0

d
ddn

z
−

=ε ,  (2.26) 

 
where  is the spacing of the planes parallel to the surface under stress and   is the 
spacing of the same planes but without any stresses present. It follows from generalized 
Hooke’s law that 

nd 0d
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However, our stress system is biaxial, thus 0=zσ , and Equation 2.27 can be reduced to 
 

( )yxz E
v σσε +−= .  (2.28) 

 
Combining Equation 2.26 and 2.28 we obtain 
 

( )yx
n

E
v

d
dd

σσ +−=
−

0

0 .  (2.29) 

 
As one can see, only the sum of the principal stresses can be calculated. Furthermore, it 
requires the value of  to be known, which imposes a problem. In order to measure  a 
small stress-free sample of the specimen has to be cut out, rendering the method destructive 
and inutile. Note that obtaining  from looking up the material’s lattice parameter and using 
it for calculating  is not sufficiently reliable. The difference in impurities between the 
specimen being measured and the one for which the lattice parameter is specified can result in 
a change in the parameter. 

0d 0d

0d

0d

 
The aim of the measurement is, however, not to measure the sum of the principal stresses, but 
the single stress φσ  acting in an arbitrarily chosen direction on the surface. This can be 
accomplished by making two measurements, one of the strain zε  along the surface normal 
and one of the strain ψε  along the direction OB in Figure 2-5. The strain zε  will be derived in 
the same manner as mentioned earlier, using Equation. 2.26. The strain ψε  will be obtained 
using the same approach, with the only difference that the plane spacing  for planes whose 
normal is in the OB direction has to be measured instead [4, 6]. One then gets,  

id

 

0

0

d
ddi −=ψε .  (2.30) 

 
From elasticity theory it can be concluded, given that the material is isotropic, that the strain 
ψε  along OB will be 
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Subtracting Equation 2.28 from 2.31 gives us 
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and this is the fundamental principal behind x-ray residual stress measurements. Note that the 
dependence of the difference between two strains in a stressed body is decided by only the 
stress acting on the plane containing the two strains. If we now rewrite Equation 2.32 in terms 
of plane spacings we get, 
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As can be seen the, knowledge of  is still required. However, since ,  and all have 
close to equal values, the size of the difference 

0d 0d nd id

ni dd − becomes minute compared to . 
Hence, we can approximate the unknown spacing  with one of the known spacings  or 

 with an insignificant error [4, 6]. Equation 2.33 can then be written 
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The most common stress measurement method is the  method. The interplanar spacing 

 is measured at a number of different 
iψ2sin

id iψ  tilt angles and thereafter  is plotted against 
. 

id

iψ2sin Figure 2-6 shows a typical sin2ψ plot. The equation for the plotted curve is 
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The gradient K together with knowledge of the basic elastic properties for the material finally 
allows us to calculate the sought stress φσ . We have 
 

E
vdK n

+
=

1
φσ   (2.36) 

 
and thus φσ  is given by 
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Figure 2-6 An example of a sin2ψ plot. 
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3 Experimental Setup 
3.1 Preparations 

3.1.1 Abrasively Processed Specimens 
Firstly, the desired specimens where produced by processing the surfaces of the untreated 
sintered samples. The applied process treatments were dry blasting, wet blasting, polishing 
and top and bottom grinding with coarser and finer grains. Additionally, untreated sintered 
samples where included to be used as a reference. Ten pieces was produced for every process 
type and the same processes were used for the WC-Co as well as for the Cermets except for 
grinding with finer grains which was omitted for the Cermets. The parameters for all 
processes are found in Table 3-1. Polishing is more complicated and is explained separately.  
 

Process Treatment Grain Size [µm] Abrasive Material Pressure [Bar] 
Dry Blasting 105 (150 Mesh) Aluminum Oxide 1.2; 2.0 * 
Wet Blasting 63 (220-240 Mesh) Aluminum Oxide 3.5 

Grinding (coarse) ~150 Diamond - 
Grinding (fine) ~100 Diamond - 

Table 3-1 Process treatment parameters 
* During the start phase the pressure was 1.2 Bar and thereafter it was increased to 2.0 Bar for the end 
phase. Each phase lasted 3 seconds. 
 
The polishing was done in several steps, where each step used finer abrasives. 
 
1. Rough grinding – 120 Mesh 
2. Grinding – 600 Mesh 
3. Polishing 

• Step 1 – 6-8 µm 
• Step 2 – 1-3 µm 
• Step 3 – 0-1 µm  

 
Unfortunately the sintered Cermets contained some pores close to the surface which should 
not exist. What most likely had caused the pores was that the nitrogen had evaporated during 
sintering and close to the surface they had managed to produce cavities. Obviously, this flaw 
compromises the quality and thus the reliability of these samples to some extent. However, 
since the pores were rather superficial, they have been partially removed during the 
processing and are not believed to influence the samples greatly. Nonetheless, the results for 
the Cermets should be interpreted with this flaw in mind. 

3.1.2 Surface Finish 
The surface finish was measured using a Mahr perthometer S2, and the measured parameters 
were ,  and . One sample was chosen from each process treatment type and on each 
sample five measurements were made from which a mean was calculated.  

aR zR pR

3.1.3 SEM 
As both the WC-Co and the Cermets were already conductive, the sample preparation was 
fairly straightforward. Primarily, the samples were demagnetized to avoid magnetic 
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disturbances. Thereafter the surfaces were wiped clean with a cotton swab and alcohol. Once 
they were free of visible dirt they were put in a container, submerged in alcohol, and washed 
in an ultrasonic bath. Finally, they were dried thoroughly before being placed on a sample 
holder and placed in the SEM vacuum chamber. 

3.1.4 XRD 
Before starting with the residual stress measurements it had to be decided over which range 
and for what peaks the measurements were to be made. Consequently, a single scan was made 
covering almost the whole range of angles, with θ2  ranging from 30-160°. From the results, 
the peaks most suitable for residual stress measurement were identified and chosen. Ideally, 
one would like the peak to  
 

• have a big θ2  value 
• have a sufficiently high intensity 
• only contain one phase 
• be isolated and not coincide with other peaks 

 
The intensity needs to be high enough for the peak to be detected. Isolated peaks are preferred 
because then there is no need to distinguish the contribution of each peak to the superimposed 
peak. If a residual stress measurement is done on a peak where two or more phases coincide, 
one can not tell how much stress corresponds to each phase, rendering the results useless. The 
reason for why big angles are desired can be seen by differentiating Bragg’s law 
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In Equation 3.3 one can see that for bigger angles the value of θtan  will be greater and will 
amplify the peak shifts, thus permitting even very small changes in the plane spacings to be 
detected.  
 
For the WC-Co specimens, the reflexes from the (301) and (201) planes of the WC-phase 
were chosen. Unfortunately no peaks were found that did not contain only one phase. 
However, considering that the weight ratio of WC to Co was 94 to 6, and that the Co reflex 
only stood for 13% of the total intensity, it was considered acceptable to approximate the peak 
with a pure WC peak. Obviously, this meant that no measurements were made for the Co. 
Measuring the stress in the Co is possible but more troublesome and would require using pole 
figures. This was deemed too time consuming and was therefore omitted. Three samples were 
used of each type and the scan ranged from 140-162° at twelve different tilt angles iψ .  
 
For the Cermets the (422) plane and the (420) plane were chosen, where the (422) plane 
corresponded to the hard metal phase and the (420) plane to the binding phase. The hard metal 
phase in this Cermet consisted of titanium carbide (TiC), tungsten carbide (WC), tantalum 
carbide (TaC), niobium carbide (NbC) and molybdenum carbide (MoC), whereas the binding 
phase was made out of cobalt (Co) and nickel (Ni). The proportion of each element 
constituting the Cermet is presented in Table 3-2. For the Cermets, the scan was set to range 
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from 115-155° using the same tilt angles as mentioned earlier. For all ground specimens 
measurements were made parallel as well as perpendicular to the grinding direction. All 
measurements were made using x-ray radiation from Copper which has the wavelength 

54059.1=λ  Å. In order to simplify the problem the materials were assumed to be isotropic, 
and thus having the same elastic modulus in all directions. The parameters used during the 
residual stress measurements for both materials are presented in Table 3-3. 
 
To determine the broadening of the diffraction lines the full width at half maximum (FWHM) 
values were measured. Higher FWHM values correspond to more broadening of the 
diffraction lines, and thus more homogeneous stresses [19]. 

 
Element Wt% 

Ti 42.5 
W 18.7 
Ta 10.9 
Nb 1.2 
Mo 0.4 
C 7.8 

Co 8.9 
Ni 4.4 

Table 3-2 Constituents of the Cermet 
 
Experiment Parameters WC Cermet 
λ  1.54059 Å 1.54059 Å 
θ2  range 140-162° 115-155° 

Peaks (301), (212) (422), (420) 
E  710 GPa* 460 GPa* 
v  0.22 0.22 
Specimens of each kind 3 3 
Tilt angles iψ  ± 0° ± 23,734° ± 34,695° ± 44,198° ± 53,609° ± 64,158° 
Table 3-3 Experiment parameters for XRD residual stress measurements. 
* The E values are estimations based on experimental values [11, 15]. 

3.1.5 PVD 
Before being coated the specimens were cleaned. The cleaning is done by immersing the 
specimens in a hot ultrasonic bath a number of times. This is done in six steps, using different 
liquids in the following order 
 

1. Alcaline solvent 
2. Distilled water 
3. Acidic solvent 
4. Distilled water 
5. Distilled water 
6. Alcohol 

 
Once cleaned, the specimens were loaded into the vacuum chamber on a fixture. The WC-Co 
inserts were attached to the fixture using magnets. Cermets, however, lose their magnetization 
at higher temperatures, causing the specimens to fall off as the critical temperature is reached. 
To avoid this they were first put in a sample holder which was later fastened to the fixture. 
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In the chamber the surfaces were cleaned once more by means of etching, using ionized 
argon, in order to remove unwanted oxide layers and other unwanted contaminants. Etching 
the surface will also remove the surface deformations, and since we in our case are interested 
in how these deformations affect the film adhesion it was preferred to keep the etching to a 
minimum and in doing so preserve as much of the deformation as possible. Hence, the etching 
depth was set to only 100 nm (this value is usually around 1 µm for commercially produced 
inserts). Completely omitting the etching is not a feasible option since that would cause the 
film to not adhere to the substrate at all. The film used was TiN, which was chosen because it 
is a common reference material for testing adhesion. The thickness of the film was set to 
approximately 2 µm. Three pieces of each kind were coated. 

3.1.6 Cross Section Polishing 
To study the cross section of the surface zone of the coated specimens, an appropriate 
specimen first needed to be produced. This was done by first cutting off the edge to avoid 
edge effects. Subsequently, a new piece was cut off from which a very thin strip, 
approximately 200µm, was cut off from the top (see Figure 3-1). 
 

D 

B 

A B C

 
a) b) 

Figure 3-1 a) The edge A, the piece B used for obtaining the strip and the leftover C. b) The thin layer D 
which is the actual specimen. 
 
Since the strip was cut off mechanically, the grains in the material were ripped off violently 
which gives rise to a rather rough surface. To get rid of these undesired effects a cross section 
polisher was used which utilizes an ionized argon beam to create an extremely flat cross 
section surface, making it possible to obtain qualitative SEM images. Before polishing, the 
strip was ground to make its thickness uniform but also to reduce the thickness since the time 
it took the cross section polisher to prepare the specimen depended on the thickness. 
Subsequently, the specimens were cleaned in an acetone ultrasonic bath followed by an 
alcohol ultrasonic bath. Finally it was glued onto a metal piece and put into a specific 
container which was mounted into the vacuum chamber. The cross section polisher was set to 
work during four hours on each specimen. The great difference between a polished part and 
an unpolished part of the specimen is illustrated in Figure 3-2. In the unpolished sample it is 
not even possible to distinguish the boundary between the substrate and the film, and thus 
demonstrates the importance of the cross section polishing.  
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a) b) 
Figure 3-2 Demonstration of the difference between an unpolished a) and a polished specimen b). 
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4 Results 
4.1 Surface Finish 
The measured surface roughness for the WC-Co and Cermet specimens can be found in Table 
4-1 and Table 4-2 respectively. Both materials showed basically the same trends, where 
sintered samples had the roughest surfaces. Thereafter came dry blasting and wet blasting 
followed by the two ground samples. Note that samples ground with finer abrasives did not 
give better surface finish. The best results were obtained by polishing. 
 
WC-Co Ra [µm] Rz [µm] Rp [µm] 

Sintered 0.52 3.94 1.98 
Dry Blasted 0.46 3.13 1.38 
Wet Blasted 0.38 2.43 1.17 
Polished 0.02 0.13 0.06 
Ground (coarse) 0.19 1.98 0.89 
Ground (fine) 0.25 2.19 0.80 

Table 4-1 Surface Roughness WC-Co 

Cermet Ra [µm] Rz [µm] Rp [µm] 
Sintered 0.74 5.68 2.46 
Dry Blasted 0.68 5.43 1.71 
Wet Blasted 0.44 3.11 1.24 
Polished 0.02 0.15 0.07 
Ground (coarse) 0.08 0.82 0.27 
    

Table 4-2 Surface Roughness Cermet 
 

4.2 Residual Stress 
In this section the results from the residual stress measurements and the FWHM values for the 
WC-Co and the Cermet will be presented. The WC-Co results are found in Figure 4-1, Figure 
4-2, Figure 4-3 and Figure 4-4. The results for the Cermets are presented in Figure 4-5, Figure 
4-6, Figure 4-7 and Figure 4-8. 

4.2.1 WC-Co 
Very low residual stresses were found in the sintered and polished specimens. On the 
contrary, all the remaining samples showed significant residual stresses. Worst was dry 
blasting followed by grinding and finally wet blasting. No big difference was noticed between 
grinding with finer and coarser abrasives. The finer abrasives induced slightly higher stresses, 
but the difference is barely noticeable. However, it was discovered that the ground samples 
were direction dependent, where the residual stress perpendicular to the grinding direction 
was clearly higher than the stress parallel to the grinding direction. Measurements from both 
planes, i.e. the (301) plane and the (121) plane, showed the same tendencies with the only 
exception that the latter had generally lower values. The FWHM values indicated that 
broadening of the diffraction lines had occurred in all samples but the sintered and polished 
ones. 
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Figure 4-1 The residual stresses for all treatments measured in the (301) plane of the WC. 
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Figure 4-2 The residual stresses for all treatments measured in the (121) plane of the WC. 
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Figure 4-3 FWHM 2θ values for all treatments measured in the (301) plane of the WC. 
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Figure 4-4 FWHM 2θ values for all treatments measured in the WC (121) plane of the WC. 

4.2.2 Cermets 
The Cermet hard metal phase showed very low residual stresses for the sintered and polished 
specimens. The dry blasted, wet blasted and ground specimens all indicated that there were 
residual stresses in the surface. Both blasting techniques induced the same amount of residual 
stresses. Furthermore, the direction dependence of the ground specimens had disappeared. In 
general, the residual stresses were lower in the Cermets. In the binder phase the residual 
stresses in the sintered and polished samples were tensile instead of compressive. The three 
remaining treatments all induced compressive residual stresses and the magnitude of the stress 
was more or less the same for all of them. The FWHM values for the hard metal phase of the 
Cermet was similar to the ones seen for the WC-Co, i.e. broadening of the diffraction lines 
had taken place in all specimens but the sintered and the polished ones. In the binder phase, 
on the other hand, it had happened for all specimens but less in the sintered and polished 
specimens. 
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Figure 4-5 The residual stresses for all treatments measured in the (422) plane of the hard phase. 
 

 39



Cermet Hard Binder Phase (420)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0
R

es
id

ua
l S

tr
es

s 
[G

Pa
]

Sintered

Polished

Ground (coarse); Parallel 

Ground (coarse); Perpendicular

Wet Blasted

Dry Blasted

 
Figure 4-6 The residual stresses for all treatments measured in the (420) plane of the binder phase. 
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Figure 4-7 FWHM 2θ values for all treatments measured in the (422) plane of the hard phase. 
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Figure 4-8 FWHM 2θ values for all treatments measured in the (420) plane of the binder phase. 
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4.3 Surfaces, Cross Sections and Adhesion 
In the following sections SEM images of the material surfaces and the cross sections will be 
demonstrated. Additionally, SEM photos of the the indentation tests will be presented. 

4.3.1 Sintered & Polished 
Figure 4-9a shows the surface of a sintered WC-Co sample and one can see the WC grains 
spread over the surface mostly to the right in the picture. The cobalt is the darker part to the 
left reminiscent of tar. At certain areas the grains were mostly covered by the cobalt while in 
other parts the cobalt was contained in the subsurface and so was not visible. The cross 
section did not contain any cracks or other considerable deformations (Figure 4-9b). Figure 
4-9c,d shows two images of the indentation made on the surface and it is clear that flaking had 
not occurred.  
 

a) b) 

c) d) 
Figure 4-9 Sintered WC-Co. a)  surface, b) cross section, c) indentation and d) crater edge.  
 
The sintered Cermets had a completely different appearance and had a rougher surface (Figure 
4-10a), which was also noted in the cross section photos (Figure 4-10b). Nonetheless, the 
substrate was not deformed and there were no cracks. The rough nature of the Cermet surface 
made it difficult to determine if any flaking had taken place, but judging by Figure 4-10c it 
does not look like it. 
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a) b) 
 

c) 
Figure 4-10 Sintered Cermet. a)  surface, b) cross section, c) indentation. 
 
The polished WC-Co and Cermet surfaces looked very different from the sintered ones. The 
uneven surfaces had been worn down to a remarkable degree and there was no longer 
anything protruding from the surface (Figure 4-11a and Figure 4-12a). This was also seen in 
the cross section images which were basically flawless and the boundary between the thin 
film and the substrate was a very straight line (Figure 4-11b and Figure 4-12b). Finally, the 
adhesion for both was excellent (Figure 4-11c,d and Figure 4-12c,d). 
 

a) b) 
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c) d) 
Figure 4-11 Polished WC-Co. a)  surface, b) cross section, c) indentation and d) crater edge. 
 

a) b) 

c) d) 
Figure 4-12 Polished Cermet. a)  surface, b) cross section, c) indentation and d) crater edge. 

4.3.2 Ground 
The images of the ground surfaces show that crushed and flattened WC-grains have been 
smeared out on the surface together with some cobalt. At some parts the grinding marks are 
deeper and consequently they have given rise to more cracks along the edges of the marks. 
Judging by the surface images only, the specimens ground with coarser and finer grains are 
rather similar and difficult to tell apart (Figure 4-13a,b and Figure 4-14a,b). Also their cross 
sections look alike, with crushed grains situated close to the top and cracks along grain 
boundaries. However, they differed in crack depth. For the samples ground with fine grains 
the cracks were found within about 2 µm from the substrate surface, while in the ones ground 
with coarse grains the majority of the cracks were found within only 1 µm from the substrate 
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surface (Figure 4-13c,d and Figure 4-14c,d). In the photos of the indentations it was noticed 
that for the coarsely ground specimens the coating had not flaked, as opposed to the finely 
ground samples where flaking had occurred. The flaking was not very extensive, but neither 
was it negligible (Figure 4-13e,f and Figure 4-14e,f). 
 

a) b) 

c) d) 

e) f) 
Figure 4-13 Ground (coarse) WC-Co. a), b) surface, c), d) cross section cracks and deformations, e) 
indentation and f) crater edge. 
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a) b) 

c) d) 

e) f) 
Figure 4-14 Ground (fine) WC-Co. a), b) surface, c), d) cross section cracks and deformations, e) 
indentation and f) crater edge. 
 
Compared to the WC-Co the Cermet surfaces appeared to have a slightly finer surface 
roughness. On the other hand, there seemed to be many tiny cracks (Figure 4-15a,b). The 
cross section images showed that the samples were in a very poor state. The top surface layer 
shows widespread areas with many crushed grains and there are several parts where the film 
looks as if it is about to get separated from the substrate. However, all the deformations were 
very shallow, approximately 1 µm, and there are not much cracks along the grain boundaries 
(Figure 4-15c,d. Furthermore, the adhesion for the ground specimens was outright awful, as 
can be seen in (Figure 4-15e,f). Huge chunks of the coating had chipped off around almost the 
whole crater in the indentation test. There were parts up to 200-300 µm wide that were left 
completely bare. 
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a) b) 

c) d) 

e) f) 
Figure 4-15 Ground (coarse) Cermet. a), b) surface, c), d) cross section cracks and deformations, e) 
indentation and f) crater edge. 

4.3.3 Dry & Wet Blasted 
The effect of wet blasting on the surfaces can be seen in Figure 4-16a,b and Figure 4-17a,b for 
WC-Co and Cermets respectively. One can see that in the surface of the WC-Co samples the 
carbide grains have been worn down, although not completely and there are still many grains 
protruding from the surface. It can also be seen that most of the cobalt has been removed.  
Moreover, some cracked WC grains could be seen as well as numerous small grain fragments. 
The Cermet grains were more flat and there did not seem to be many cracks in the surface. 
Also the amount of grain fragments appeared to be less. The cross section shows some 
crushed grains closest to the film and cracks along the grain boundaries. The damaged parts 
were slightly bigger for the WC-Co. The cracks reached down to about 2 µm in the WC-Co, 
while this value was only around 1 µm for the Cermet (Figure 4-16c,d and Figure 4-17c,d). 
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The indentation images show that for the WC-Co the coating has flaked at several places 
while there is almost no flaking in the Cermet (Figure 4-16e,f and Figure 4-17e,f). 
 

a) b) 

c) d) 

e) f) 
Figure 4-16 Wet Blasted WC-Co. a), b) surface, c), d) cross section cracks and deformations, e) 
indentation and f) crater edge. 
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a) b) 

c) d) 

e) f) 
Figure 4-17 Wet Blasted Cermet. a), b) surface, c), d) cross section cracks and deformations, e) indentation 
and f) crater edge. 
 
Dry blasted specimens were worse in all aspects. In some places of the WC-Co surfaces the 
grains had been really flattened, while in other parts grains were still protruding. The cracks 
were also generally bigger. Contrary to what was seen for the wet blasted WC-Co, there was 
still a lot of cobalt left on the surface of the dry blasted samples (Figure 4-18a,b). The Cermet 
surfaces looked similar with maybe a bit less carbide grains protruding from the surface 
(Figure 4-19a,b). The cross section images of the WC-Co showed a much damaged surface 
and subsurface. The grains in the top layer had been pulverized and at certain places the thin 
film had been separated from the substrate creating cavities (Figure 4-18c,d,e). These voids 
were even wider in the Cermet. Judging by the images it appears that for the WC-Co this has 
happened mostly where there were lumps of cobalt left on the surface. Furthermore, the 
subsurface contained many cracks along the boundaries. In Figure 4-18f one can see cracks 
where the cobalt has been stretched out like glue, failing to hold the WC grains together. The 
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deformations were more widespread in the Cermet. The crack density was higher closer to the 
surface, but there were also cracks that had reached down to approximately 4 µm from the 
substrate surface (Figure 4-19c,d). This is at least twice as much as what was observed for all 
treatments mentioned earlier in this chapter. The indentation test showed very poor adhesion 
for both the WC-Co and the Cermet. There was extensive flaking around the whole crater 
edge and for the Cermet it had extended even further out than just around the edge (Figure 
4-18e,f and Figure 4-19e,f). 
 

a) b) 

c) d) 

e) f) 
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g) h) 
Figure 4-18 Dry Blasted WC-Co. a), b) surface, c), d), e), f) cross section cracks, deformations and cavities, 
g) indentation and h) crater edge. 
 

a) b) 

c) d) 

e) f) 
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Figure 4-19 Dry Blasted Cermet. a), b) surface, c), d) cross section cracks, deformations and cavities, e) 
indentation and f) crater edge. 

4.4 Summary of Results 
Table 4-3 is a summary of all the results obtained for the WC-Co and the Cermet samples. 
 

 Surface Roughness Residual 
Stresses 

Cross Section 
Cracks Flaking 

WC-Co Very Rough Very Low No No Sintered Cermet Very Rough Very Low No No 
WC-Co Fine Very Low No No Polished Cermet Fine Very Low No No 
WC-Co Medium High Yes No Ground 

(coarse) Cermet Fine High Yes, extensive 
but shallow 

Yes, very 
much 

WC-Co Medium High Yes Yes, a little Ground 
(fine) Cermet - - - - 

WC-Co Rough High Yes Yes 
Wet Blasted Cermet Rough High Yes Yes, very 

little 
WC-Co Rough High Yes, deep Yes, much Dry Blasted Cermet Very Rough High Yes, deep Yes, much 

Table 4-3 Overview of the results for all the samples. 
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5 Discussion 
5.1 Sintering & Polishing 
Sintered and polished specimen both showed very good adhesion as was seen in the results 
section. The cross section images of the surface revealed a good state, where both cracks and 
other deformations were absent. This is not surprising considering that the residual stresses 
found in the materials were very small and so were the inhomogeneous stresses. The stress 
was not completely zero, however, and this is due to the sintering process where the different 
expansion coefficients for the hard metal phase and the binding phase give rise to so called 
intrinsic stress. Most of the stress in the polished specimens can also be attributed to the 
sintering process [21]. This means that the actual stress induced by polishing is basically 
negligible. One big difference between the polished and sintered samples was the surface 
roughness, where the sintered surfaces were much rougher. Although the sintered specimens 
showed good adhesion one should not be fooled into believing that further treatments can be 
omitted. The surface roughness is still unsatisfactory and does not comply with the tool 
requirements. 

5.2 Grinding 
All ground specimens contained residual stresses in the surface and this is in accordance with 
other studies [8, 9]. The residual stress is due to thermal and mechanical stresses during 
grinding as well as elastic and plastic deformation of the surface. It is caused by the 
interaction of the abrasive grains with the surface during grinding. In a study made on WC-Co 
[8] there appeared to be a maximum stress limit. The maximum was explained by the cracking 
and plastic deformation of the WC grains, resulting in a relaxation of the residual stresses. 
This would imply that the measured stresses were probably lower than the actual stresses 
induced by the grinding process. The fact that the finer abrasive grains induced just as much 
compressive residual stress, or even a little bit more, than the coarser grains was surprising 
since other studies have shown the opposite to be true [5, 9,]. In these studies it was found that 
increasing the average abrasive grain size led to more plastic deformations, and consequently 
higher compressive residual stresses. Regarding the direction dependence, which appeared in 
the WC-Co but not in the Cermets, different studies have obtained different results. In a study 
made on surface and subsurface damages of ground ceramics [13] several ceramics showed 
this direction dependence and according to this study this phenomenon could be related to the 
mechanical effects of cutting edges. Plastic deformations were mostly found perpendicular to 
the cutting direction while the material in the cutting direction suffered much less plastic 
deformation as a result of the crushing effect during material removal. However, in the same 
study they also mention a case where this phenomenon did not occur. This was also found in 
another study [9] where it was claimed that the absence of the direction dependence could be 
explained by brittle fracturing being the main mechanism for material removal during the 
grinding process, instead of plastic deformation. The brittleness of the Cermets could possibly 
also be the reason behind the generally lower residual stresses compared to the WC-Co. Since 
they are more brittle they will fracture more easily, resulting in more cracks in the subsurface 
which relieve the stress. 
 
The appearance of the WC-Co surfaces was pretty similar and the difference in surface 
roughness was small, yet the adhesion was better for the surfaces ground with the coarser 
grains. The surface roughness for ground Cermets was very low. Nevertheless, the adhesion 
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was very poor. This makes it difficult to determine if there is a direct connection between the 
surface roughness and the adhesion for ground materials. It has previously been shown in 
other studies [10, 12] that the surface roughness of ground WC-Co was related to the coating 
adhesion where it was found that as  increased the adhesion became slightly worse. Beside 
the surface roughness, also the coating morphology influenced the adhesion and it was 
suggested that both of these factors were relevant for the adhesion. This was confirmed by 
another study made on high speed steel and cermets, where it was found that for a higher 
surface roughness coating failure was more likely [18]. On the other hand, in a different study 
made on ground ceramics it was claimed that surface roughness can not be relied on to 
indicate machine damage and fracture strength. It is argued that this is due to the lack of 
information about micro cracks offered by the surface roughness [13]. The WC-Co cross 
section images did not reveal any big differences between the finely and the coarsely ground 
samples either, except for the crack depth. It is possible that the depth of the cracks is a good 
indicator of how good the adhesion will be. The Cermets looked very different in cross 
section. The damage was far more extensive but also more shallow. This is positive in the 
sense that it becomes easier to get rid of most of the surface deformations by only removing a 
thin layer. Removal of this top layer is crucial, however, and can not be neglected as that 
would lead to a completely useless end result. 

aR

 
Based on the results from the indentation tests made on ground WC-Co, it appears that in this 
case the use of finer abrasives did not improve the adhesion, but instead made it worse. This 
was a peculiar observation since the opposite was expected. The very poor adhesion of the 
ground Cermets was also a bit surprising considering that the exact same treatment gave 
rather good results for the WC-Co. Any straightforward explanations for these outcomes have 
not been found. It is believed that it could have to do with the composition of the material 
(e.g. grain size of the carbides and amount of binder), and/or the grinding parameters (e.g. 
wheel speed and feed-rate). 

5.3 Dry & Wet Blasting 
From the surface roughness measurements and the SEM images of the surfaces it was rather 
clear that dry blasting causes a rougher surface than wet blasting does. In the case of the WC-
Co, also the residual stresses were much higher for the dry blasted samples. A study [21] has 
found that the size of the abrasive grits used in the blasting process greatly influences the 
surface topography and the residual stresses. How much stress is induced is also affected by 
whether it is plastic or abrasive deformation that is the dominating effect. Major local plastic 
deformations are the result of high-frequent coarse blasting material bombarding the surface, 
causing compressive stresses. That coarser grains cause strong plastic deformations was also 
indicated by more abrasive grit residues being found stuck on the surface after blasting. Finer 
blasting material does not give rise to as much plastic deformations in the subsurface. Instead 
the abrasive effects are dominant and less compressive stresses are induced. Also an essential 
relation between grit size and the removal of the binder on the surface was discovered, where 
finer grits removed much more of the binder. This is in good agreement with what was seen in 
the SEM images of the wet blasted and dry blasted WC-Co surfaces in this study, where the 
one using the coarser grits, i.e. dry blasting, also had much more cobalt left on the surface. In 
the same study [21] an experiment using Al2O3 as blasting material also revealed that the grit 
size was directly connected to the adhesion of the coating. Blasting with coarser grains more 
often led to an unsatisfactory adhesion compared to unblasted surfaces or surfaces blasted 
with finer grits. These results are in perfect accordance with what was found for the Cermets 
in this study. The indentation tests showed a huge improvement of the adhesion for the wet 
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blasted Cermets, and thus it can be concluded that the grit size of the abrasive material is of 
great importance for the adhesion. 
 
This is not what the results for the WC-Co showed. Although the indentation tests indicated 
that wet blasting lead to better adhesion, the difference was not that big and the adhesion was 
still far from adequate. This is rather perplexing considering that also the cross section images 
suggested that wet blasting should give better results than dry blasting. The dry blasted 
samples contained much more cracks and pulverized grains. There were also places with a 
high concentration of cobalt where the film had been separated from the substrate and caused 
cavities, a phenomenon not seen in wet blasted samples. The depth of the cracks was also 
significantly higher in dry blasted samples. Samples with deeper cracks have consistently 
shown worse adhesion throughout all experiments made in this study and is thus believed to 
be a good indicator of whether the adhesion is good or not. 
 
Another reliable indicator of the adhesion is the residual stresses, where materials containing 
higher stresses showed poorer adhesion. The only exception was the blasted Cermets that 
contained equal amounts of stress but differed radically in adhesion. However, this is believed 
to be due to the extensive cracking of the surface which led to the stresses being relieved. This 
has been discovered to happen for WC-Co [8]. Moreover, the surface roughness seems to be 
an indicator of the adhesion as well, although maybe not as reliable as the factors mentioned 
previously. A quick review of the results for the wet blasted samples show that compared to 
dry blasting it has lower surface roughness, lower residuals stresses and much smaller crack 
depth. Hence, all measurements point in one direction, namely, that wet blasting is better than 
dry blasting. Why this does not show in the adhesion is unclear. To investigate this some more 
a complementary set of wet blasted samples were produced and the adhesion was tested with 
an indentation test. The new samples showed much better adhesion and flaking of the coating 
had decreased significantly. However, due to lack of time only the adhesion was tested for the 
new wet blasted samples and the residual stresses and the cross section is unknown. Hence, it 
is concluded that that there is some discrepancy in the test results and that further testing is 
required.  
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6 Conclusions & Future Work 
This study illustrates how valuable the different testing methods used in this thesis are for the 
understanding of the adhesion. The cross section images are especially interesting as they give 
a clear image of the material surface and its deformations. Furthermore, it demonstrates that 
the surfaces may look very different although the indentation tests might show that the 
adhesions are equally poor.  
 
Regarding the results for the different treatments it has been concluded that polishing gives 
very good adhesion. For the ground specimens a great difference in adhesion was noted 
between the WC-Co and the Cermet, where the latter was considerably worse. However it 
shall be noted that the deformed layer was very shallow, and thus it is likely that removing 
that thin layer would improve the adhesions greatly. For the WC-Co the adhesion was much 
better. Moreover, it was found that reducing the size of the abrasive grains did not improve 
the adhesion but instead worsened it slightly. It is suggested that further work is done with 
other grinding parameters to see if there will be any difference. Regarding blasting it has been 
concluded that dry blasting effects the adhesion very negatively. Wet blasting is undeniably 
better, especially in the case of the Cermets where the difference between dry blasting and wet 
blasting was enormous. Wet blasting improved the adhesion for the WC-Co as well, but not 
quite as much as for the Cermet. On the other hand, the complementary tests showed that the 
improvement was indeed significant. Since the results are a bit ambiguous in this case further 
research is recommended in order to elucidate the effects of wet blasting on the adhesion. 
 
To summarize, the key conclusions are as follows. 
 

• The experimental methods used in this thesis, and cross section images in particular, 
are valuable for the understanding of the damage caused by different treatments and its 
affect on the adhesion. 

• Polishing gives good adhesion.  
• The adhesion for ground WC-Co is fairly good. Moreover, the size of the abrasive 

grains does not have a great influence on the adhesion. 
• Grinding of Cermets damages the surface severely, and thus leads to a very poor 

adhesion. It shall be noted, however, that the damage is limited to a very thin layer.  
• Using wet blasting instead of dry blasting improves the adhesion dramatically for 

Cermets. A similar trend also seems to exist for WC-Co, but more research has to be 
done to verify this and to determine the amount of improvement. 

 57



 58



 

7 Bibliography 
[1]  Bandyopadhyay, B.P. Effects of grinding parameters on the strength and surface finish 

of two silicon nitride ceramics. Journal of Materials Processing Technology 53 (3-4), 
pp. 533-543, 1995. 

 
[2]  Bolton, William (1998). Engineering materials technology. 3. ed. Oxford: 

Butterworth-Heinemann 
 
[3]  Bowman, Keith J. (2004). Mechanical behavior of materials :. Hoboken, NJ: Wiley 
 
[4]  Cullity, Bernard Dennis (1978). Elements of X-ray diffraction. 2. ed. Reading, Mass.: 
 
[5]  Eigenmann, B., Macherauch, E. Determination of inhomogeneous residual stress states 

in surface layers of machined engineering ceramics by synchrotron X-rays. Nuclear 
Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, Volume 97, Issues 1-4, 2 May 1995, Pages 92-9. 

 
[6]  Fitzpatrick, M E. Determination of residual stresses by X-ray diffraction. 

Measurement Good Practice Guide No. 52 , (Issue 2), September 2005 
 
[7]  Grzesik, Wit (2008). Advanced machining processes of metallic materials : theory, 

modelling and applications. Oxford: Elsevier 
 
[8]  Hegeman, J.B.J.W., De Hosson, J.Th.M., De With, G. Grinding of WC-Co 

hardmetals. Wear 248 (1-2), pp. 187-196, 2001. 
 
[9]  Hessert, R., , ,  Fracture mechanical evaluation 

of the effects of grinding residual stresses on bending strength of ceramics. 
Eigenmann, B. Vöhringer, O. Löhe, D.

Materials 
Science and Engineering A 234-236, pp. 1126-1129, 1997. 

 
[10]  Kim, K.H., Han, D.-S., Kim, S.K. Adhesion properties of arc ion-plated TiN coatings 

with WC particle Co content and surface roughness. Surface and Coatings Technology 
163-164, pp. 605-610, 2003. 

 
[11]  Larsson, Cecilia (2001). Thermal residual stresses, hardness and microstructural 

characterisation of functionally graded WC-Co composites. Linköping: Univ. 
 
[12]  Lee, S.-C., Ho, W.-Y., Lai, F.D. Effect of substrate surface roughness on the 

characteristics of CrN hard film. Materials Chemistry and Physics 43 (3), pp. 266-273, 
1996. 

 
[13]  Li, K., Liao, T.W. Surface/subsurface damage and the fracture strength of ground 

ceramics. Journal of Materials Processing Technology 57 (3-4), pp. 207-220, 1996. 
 
[14]  Loretto, M. H. (1994). Electron beam analysis of materials. 2. ed. London: Chapman 

& Hall 
 

 59

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TJN-4037V1F-8C&_user=650414&_coverDate=05%2F02%2F1995&_alid=741606921&_rdoc=1&_fmt=high&_orig=search&_cdi=5315&_sort=d&_docanchor=&view=c&_ct=2&_acct=C000034998&_version=1&_urlVersion=0&_userid=650414&md5=75c8b7ff42e7da2a2cad01e6c6db04c4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TJN-4037V1F-8C&_user=650414&_coverDate=05%2F02%2F1995&_alid=741606921&_rdoc=1&_fmt=high&_orig=search&_cdi=5315&_sort=d&_docanchor=&view=c&_ct=2&_acct=C000034998&_version=1&_urlVersion=0&_userid=650414&md5=75c8b7ff42e7da2a2cad01e6c6db04c4
http://www.scopus.com/scopus/search/submit/author.url?author=Hessert%2c+R.&origin=resultslist&authorId=6603421560&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Eigenmann%2c+B.&origin=resultslist&authorId=7003312950&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Vo%cc%88hringer%2c+O.&origin=resultslist&authorId=7003919209&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Lo%cc%88he%2c+D.&origin=resultslist&authorId=7003847321&src=s


[15]  Lu, Xiao-Gang (2005). Theoretical modeling of molar volume and thermal expansion. 
Diss. (sammanfattning) Stockholm : Kungl. Tekn. högsk., 2005 

 
[16]  Maksoud, T.M.A., , ,  Grinding of ceramics: the 

effect on their strength properties. 
Morgan, J.E. Fox, T.G. Scott, J.A.

Journal of Materials Processing Technology 43 (1), 
pp. 65-75, 1994. 

 
[17]  Marinescu, Ioan D., Tonshoff, Hans K. & Inasaki, Ichiro (red.) (2000). Handbook of 

ceramics grinding and polishing : properties, processes, technology, tools and 
typology. Westwood, N.J.: Noyes Publications 

 
[18] Navinsek, B., Novak, S., Zalar, A. Interface problems in metallurgical coatings. 

Materials Science and Engineering A A139 (1-2), pp. 249-258, 1991. 
 
[19]  Singh, A.K.,  X-ray diffraction line broadening under elastic deformation 

of a polycrystalline sample: An elastic-anisotropy effect. 
Balasingh, C.

Journal of Applied Physics 
90 (5), pp. 2296-2302, 2001. 

 
[20]  Trent, Edward Moor & Wright, Paul Kenneth (2000). Metal cutting. 4. ed. Boston: 

Butterworth-Heinemann 
 
[21]  Tönshoff, H.K., Mohlfeld, A. Surface treatment of cutting tool substrates. 

International Journal of Machine Tools and Manufacture 38 (5-6), pp. 469-476, 1998. 
 
[22]  Ugural, Ansel C. (2008). Mechanics of materials. Hoboken, N.J.: Wiley 
 
[23]  van den Berg, P.H.J., de With, G. Strength and residual stress of Mg-PSZ after 

grinding. Wear 160 (2), pp. 301-308, 1993. 
 

Ytjämnhetsmätning : Measurement of surface roughness[24] . (1991). Stockholm: 
Standardiseringskommissionen i Sverige (SIS) 

 

 60

http://www.scopus.com/scopus/search/submit/author.url?author=Maksoud%2c+T.M.A.&origin=resultslist&authorId=6603972690&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Morgan%2c+J.E.&origin=resultslist&authorId=7404508524&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Fox%2c+T.G.&origin=resultslist&authorId=7201431099&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Scott%2c+J.A.&origin=resultslist&authorId=7407335603&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Singh%2c+A.K.&origin=resultslist&authorId=7407707874&src=s
http://www.scopus.com/scopus/search/submit/author.url?author=Balasingh%2c+C.&origin=resultslist&authorId=6603184853&src=s

	1 Introduction 
	1.1 Metal Cutting 
	1.2 Tool Geometry 
	1.3 Surface Treatments 
	1.4 Problem Formulation 
	2 Theory 
	2.1 Materials 
	2.1.1 Cemented Carbides 
	2.1.2 Cermets 
	2.1.3 Cutting Tool Coatings 

	2.2 Mechanical Properties 
	2.2.1 Stress 
	2.2.2 Strain 
	2.2.3 Elasticity 

	2.3 Fractures 
	2.3.1 Ductile and Brittle Fracturing 
	2.3.2 Griffith Crack Theory 
	2.3.3 Fracture Toughness 

	2.4 Abrasive Processes 
	2.4.1 Grit Blasting 
	2.4.2 Grinding 
	2.4.3 Polishing 

	2.5 Methods of Measurement 
	2.5.1 Scanning Electron Microscopy 
	2.5.2 X-ray Diffraction 

	2.6 Surface Finish 
	2.7 Measurement of Residual Stress 

	3 Experimental Setup 
	3.1 Preparations 
	3.1.1 Abrasively Processed Specimens 
	3.1.2 Surface Finish 
	3.1.3 SEM 
	3.1.4 XRD 
	3.1.5 PVD 
	3.1.6 Cross Section Polishing 


	4 Results 
	4.1 Surface Finish 
	4.2 Residual Stress 
	4.2.1 WC-Co 
	4.2.2 Cermets 

	4.3 Surfaces, Cross Sections and Adhesion 
	4.3.1 Sintered & Polished 
	4.3.2 Ground 
	4.3.3 Dry & Wet Blasted 

	4.4 Summary of Results 

	5 Discussion 
	5.1 Sintering & Polishing 
	5.2 Grinding 
	5.3 Dry & Wet Blasting 

	6 Conclusions & Future Work 
	7 Bibliography 


