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The vision of this thesis is to improve the metal cutting process, with emphasis on the cutting
tool, to enable stable and economical industrial production while using expensive tools such
as hobs. The aim is to increase the tribological understanding of the mechanisms operating
at a cutting edge and of how these can be controlled using different tool parameters. Such
understanding will facilitate the development and implementation of future, tribologically
designed, cutting tools.
Common wear and failure mechanisms in gear hobbing have been identified and focused
studies of the material transferred to the tool, in both metal cutting operations and in simplified
tribological tests, have been conducted. Interactions between residual stresses in the tool coating
and the shape of the cutting edge have also been studied.
It was concluded that tool failure is often initiated via small defects in the coated tool system,
and it is necessary to eliminate, or minimize, these defects in order to manufacture more reliable
and efficient gear cutting tools. Furthermore, the geometry of a cutting edge should be optimized
with the residual stress state in the coating, in mind. The interaction between a compressive
stress and the geometry of the cutting edge will affect the stress state at the cutting edge and
thus affect the practical toughness and the wear resistance of the coating in that area.
An intermittent sliding contact test is presented and shown to be of high relevance for studying
the interaction between the tool rake face and the chip in milling. It was also demonstrated that
material transfer, that can have large effects on the cutting performance, commences already
after very short contact times. The nature of the transfer may differ in different areas on the tool.
It may include glassy layers, with accumulations of specific elements from the workpiece, and
transfer of steel in more or less oxidized form. Both tool coating material, its surface roughness,
and the relative speed between the tool surface and the chip, may influence the extent to which
the different transfer will occur.
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Introduction

Tribology stems from the Greek word Tribos that means rubbing. It is
defined as ‘The science and technology of interacting surfaces in relative
motion’ [1] and deals with phenomena related to friction, wear and
lubrication. Tribology is thus a science that all people encounter on an
everyday basis. Just by walking, your foot and the ground constitute a
tribological system. By changing footwear, foundation or just the way you
walk, the prerequisites for the entire system changes. For example, leather
soles on an icy pavement on a hectic December morning, may often lead to
slipping and falling, which most people are painfully aware of. By changing
to rubber soled shoes or even put on spikes, the risk of falling decreases. The
sliding resistance between the contacting surfaces, i.e. the friction of the
system, is increased. A high friction is not always desirable. On the contrary,
there are numerous applications where there is a strive for low friction in
order to minimise the power consumption and reduce the wear. When two
surfaces in contact move in relation to each other, wear is almost always a
consequence that has to be accounted for. The possible mechanisms of wear
are numerous and depend on material properties, mechanical and thermal
load, presence of a third body (e.g. lubricant, dirt particles, wear particles
etc.) and the surrounding environment (e.g. corrosive media). Wear becomes
a real problem when it alters the performance of the worn part or system to
the negative. The amount of acceptable wear is of course highly dependent
on the specific application.
Metal cutting constitutes an extreme tribological situation involving high
strain rates, loads and temperatures. Astakhov [2] states that only 30-50 % of
the energy spent in cutting is used for the actual separation of the thin layer,
which constitutes the chip, from the workpiece. A large part of the energy is
instead consumed in the tool-chip and tool-workpiece interfaces due to
tribological processes. These areas are thus of great importance, and
knowledge of the interactions between work material and the tool surfaces
are highly valuable. The wear out criteria of a cutting tool is, most often,
when the quality of machined surfaces becomes unacceptably poor, or when
the cutting performance of the edge becomes inadequate. The wear of
cutting tools was lowered considerably when thin hard coatings were
introduced on the tool surfaces. Not only does the hard coating comprise a
high resistance to abrasive wear, the adhesive interactions between tool and
workpiece material is also generally lowered, all resulting in reduced
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frictional forces. The application of carbide and nitride coatings has allowed
the tool life to be increased between 30 % and 200 % [3].
With the development of new cutting tool materials and coatings, cutting
speeds and feed rates have been increased considerably to further enhance
the productivity. The intrinsic wear resistance of the materials themselves
does no longer need to be the limiting factor. Instead, the challenges lie in
other areas, for example choosing the appropriate design and combination of
cutting tool substrate and coating material, for an optimized performance.
These choices depend on the intended cutting operation and the type of work
material the tool is supposed to cut. The application of a coating does,
however, also put certain demands on the tool substrate in order to function
properly, in terms of coating adhesion and mechanical support [4].
Since efforts are constantly made to maximise the cutting parameters, the
cutting process becomes rather sensitive to variations in tool performance
and unpredictable fluctuations in machinability of the workpiece. Such
variations can cause unexpected, premature, tool break down and lead to
severe production stops. The possibility to produce tools without such
variations, and that could cope with the fluctuations, is therefore highly
desirable. One industrial situation where this lack of “robustness” of cutting
tools has been found to restrict the productivity is gear hobbing. Gear
hobbing is commonly used in the production of cylindrical gears for
automotive transmissions. A hob is a complex and expensive milling tool
that has a design that enables reconditioning after wear, without influencing
their original cutting geometry. In order to make a cyclic reconditioning
scheme possible, that is optimized regarding both production economy and
gear quality, the wear of the cutting teeth should be low, stable and, above
all, predictable. However, severe wear and non-predictable variations in tool
life are found to aggravate the reconditioning, and might lead to catastrophic
wear with a total tool break-down as a consequence. This leads to unforeseen
halts in the gear production and scrapping of both cutting tools and of faulty
gear wheels.

1.1 Research objectives
The vision of this thesis is to allow optimized tools for metal cutting, from a
materials point of view. With emphasis on the cutting tool, it should, more
specifically, enable stable and economic industrial production using
expensive tools such as hobs.
The aim is to increase the tribological understanding of the mechanisms
operating at a cutting edge and how these can be controlled by different tool
parameters. Within that scope, common wear and failure mechanisms in gear
hobbing have been identified in order to facilitate the development towards
more reliable and efficient hobs. A tribological test method has been
12

developed, to simplify testing of tool and workpiece materials, and evaluated
regarding its relevance for the intended application. Focused studies of the
material transferred to the tool, in both metal cutting operations and in
simplified tribological tests, have been conducted to provide a detailed
understanding of the interaction between tool and work material. Interactions
between residual stresses in the tool coating and the shape of the cutting
edge have also been studied.
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2 Metal cutting

Metal cutting constitutes a family of very important and widely used
manufacturing methods within the production of mechanical components. A
great variety of metals and alloys, with large differences in physical
properties, are machined. Examples of cutting operations are turning,
milling, drilling, tapping, broaching, and sawing. The common denominator
is that a cutting tool edge is used for the removal of thin layers of material in
order to shape the workpiece.
A schematic picture of a cutting tool and a workpiece involved in a chip
forming process is shown in figure 1. The workpiece passes the cutting edge
with a certain velocity termed the cutting speed, v, while the cutting edge is
fed a certain distance into the material, feed f, resulting in the formation of a
chip. Two surfaces of the cutting tool are involved in the cutting process, the
rake face and the flank (clearance) face. At the intersection of these two
surfaces, the cutting edge is situated. The rake face constitutes the surface
over which the produced chip flows. To prevent the tool to rub against the
freshly cut surface, a clearance angle is introduced. This angle can vary but
it is often in the range of 6-10° [5]. The rake angle is the angle between the
tool rake face and the normal to the surface being cut. This angle can be
positive, as in figure 1, zero or negative. A positive rake angle may be up to
30° [5], which results in a very acute cutting edge. Smaller or even negative
rake angles are often used to increase the available load carrying volume in
the cutting tool and achieve a more robust, mechanically stronger, cutting
edge. However, a less sharp cutting edge leads to higher cutting forces and
the rake angle should be carefully selected to achieve optimum cutting
performance for any given tool material, work material, and cutting
condition [5].
A cutting process constitutes a highly complex situation, which Shaw [6]
explains is mainly due to the fact that two interacting processes occur
simultaneously and in close vicinity:
i.
Large plastic deformation in a zone of concentrated shear, hereafter
termed the primary shear zone.
ii.
Material transport along a heavily loaded region of relative motion
between chip and tool, hereafter termed the secondary shear zone.
The locations of the two shear zones are indicated in figure 1. The tertiary
shear zone, which also is indicated in figure 1, is the contact between the
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flank of the tool and the workpiece, and is highly important for the
properties of the machined surface.
Cutting tool

rake angle

rake face
flank face

deformed
chip thickness

Cutting tool

Chip
contact length, l

cutting
edge

secondary
shear zone
primary shear zone

feed, f
clearance angle

tertiary shear zone

cutting speed, v

Workpiece

undeformed
chip thickness

cutting speed, v

Workpiece

Figure 1. Schematic pictures of a cutting tool and a workpiece involved in a chip
forming process, describing the terminology used.

2.1 Characteristics of the tool-chip contact
In most tribological situations, the load is carried by asperities in the
contacting surfaces resulting in a real contact area that is significantly
smaller than the apparent contact area [7]. In metal cutting, however, the real
contact area may approach the apparent contact area, in a large part of the
chip-tool contact, due to the extreme normal load involved [5]. In the case of
full contact in the interface, seizure may occur and shearing takes place in
the weaker of the two materials, here the chip, rather than in the interface.
Trent’s model [5] of relative motion under condition of seizure is based on
the identification of a flow zone within the chip material close to the toolchip interface, with a velocity gradient that approaches zero at the tool-chip
interface. Sliding at the very interface is still likely to occur in the second
part of the contact length l, see figure 1, where the normal load is lower and
the chip eventually leaves the contact.

2.1.1 Normal stress distribution
The normal stress distribution acting on the tool rake face reaches its maximum at or near the cutting edge, and decreases towards the end of the contact length. The magnitude and exact location of the maximum stress depend
primarily on the work material, the cutting speed, the feed, and the rake angle [2, 5]. Astakhov [2] and Trent [5] reviews a work by Loladze in which
the maximum normal stress, measured on the tool when cutting different
steels, varied between 900 and 1600 MPa. These values were found to be
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strongly related, and higher with a factor greater than two, to the yield
strength of the steels that were cut. Trent reports values of maximum normal
stress of about 500 and 850 MPa for a work material consisting of 12L14
steel [5]. The lower value was obtained when using a lower feed.

2.1.2 Temperature distribution
A large part of the mechanical energy associated with the chip forming
process ends up as thermal energy [6]. The maximum temperature at the
tool-chip interface may exceed 1000 °C, and it is an important parameter as
it influences e.g. oxidation and tool wear [2]. The temperature increases with
the cutting speed, but the location of its maximum stays in approximately the
same position. Trent showed that the maximum temperature is, in fact,
located some distance from the cutting edge [5]. A schematic picture of the
general temperature distribution on a HSS metal cutting edge during a chip
forming process is shown in figure 2.
500 oC

500 oC

400 oC
550 oC

>650

oC

600 oC
550 oC

300 oC

50 oC

Figure 2. Schematic picture of the general temperature distribution on a HSS metal
cutting edge during a chip forming process [8]

2.1.3 Material transfer
An important issue that will influence the contact conditions in the tool-chip
contact is the occurrence of work material transfer from the chip onto the
tool. This transfer is not only a consequence of the prevailing adhesive and
frictional properties of the tool/chip contact, it will also subsequently control
the very same properties. These properties are highly important for both the
tool life and the energy spent in the cutting operation. When machining
carbon steels, different types of material transfer are frequently encountered,
sometimes resulting in a chemical composition very different from those of
the workpiece and the tool surface. Which specific compounds that form

16

depends on the chemistry of the work and tool material, as well as on the
cutting parameters.
The condition of seizure does not always result in the formation of a flowzone in the work material close to the interface. When cutting multi-phase
alloys, which have the ability to strain harden, e.g. steel, a built-up edge may
form under certain cutting conditions [5]. The built-up edge is formed by the
adhesion and accumulation of strain-hardened work material around the
cutting edge and on the rake face of the tool. The formation of a built-up
edge is undesired as it changes the geometry of the cutting edge. It further
leads to an erratic tool behaviour as it is highly unstable and might be torn
away, possibly taking pieces of the tool with it. Remnants and imprints of
the built-up edge are also generally found on the freshly cut surface, leading
to a poor surface finish. The cutting speed is the most important parameter
controlling whether a built-up edge is formed or not [5]. At extremely low
speed, the low energy input results in sliding rather than seizure, and no
built-up edge will form. As the cutting speed increases, a condition of
seizure around the cutting edge is established, leading to the adherence and
subsequent strain hardening of work material, i.e. the formation of a built-up
edge. By further increasing the cutting speed, the temperature increases and
the strain hardened material recovers and becomes more easily sheared,
resulting in the formation of a flow-zone. There is not a distinct line between
the built-up edge and the flow-zone and the term built-up layer is often used
to define something that could be referred to as a very thin built-up edge.
Transfer layers, with immensely different composition than that of the
work material, may also form on the rake face of the tool. In 1976, Ohgo
showed that layers of complex oxides formed on the rake face of carbide
tools, when machining deoxidized carbon steels [9]. The formation of the
layers was dependent on cutting speed, and their compositions were closely
related to the type of non-metallic inclusions present in the carbon steel.
They were also found to prolong the life of the cutting tool. In 1984, Pálmai
observed that these kinds of protective layers also could form on TiN coated
HSS tools [10].

2.2 Turning
In the turning process, material removal is accomplished by the continuous
generation of a chip. In the basic turning operation, the workpiece is held by
the chuck in a lathe and rotates with a certain velocity that determines the
cutting speed, see figure 3. The tool, often in the form of a cutting insert, is
mounted in a rigid tool holder and is fed, at a constant rate, in the axial
direction of the workpiece. The axial feed determines the undeformed chip
thickness, indicated in figure 1, and is expressed as mm per revolution of the
workpiece. The distance the tool is fed in the radial direction determines the
17

width of the undeformed chip, and is most often held constant during the
passage of the entire workpiece.
workpiece

turning tool
feed direction

Figure 3. Schematic picture of a turning operation.

2.3 Milling
Milling is an intermittent operation where the cutting edge is engaged and
disengaged repeatedly. In the basic face milling operation, the milling tool
rotates while the workpiece is clamped on a table and fed in under the tool so
that arc-shaped chips are formed, see figure 4. The milling tool may consist
of several cutting teeth and several cutting edges can be engaged
simultaneously. In single insert milling, however, the milling tool is
equipped with one cutting edge alone. If the feed direction of the workpiece
is opposite to the cutting direction of the milling tool, the feed on each
cutting tooth will increase continuously during the chip formation. The
maximum undeformed chip thickness is thus reached as the cutting tooth is
disengaged. This cutting action is often referred to as conventional milling,
see figure 4a. If the direction of the cutting action coincides with the
direction of the workpiece feed, the cutting tooth will enter at maximum
undeformed chip thickness, which then will continuously decrease and
finally reach zero as the tooth leaves the workpiece. This cutting action is
often referred to as climb milling, see figure 4b.
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a

conventional milling

b

climb milling

Figure 4. Schematic pictures of a conventional milling operation (a) and a climb
milling operation (b).

The intermittent cutting procedure that distinguishes the milling process
from other cutting operations like e.g. turning and drilling, always involves a
more or less strong shock as the cutting tooth engages the work material,
followed by a varying force as the chip thickness changes. The cutting tooth
is relatively cool when it enters the workpiece, then heated as the chip is
formed and yet again cooled down while waiting for the next engagement.
This means that the cutting cycle involves both mechanical and thermal
shocks [6]. The latter is more pronounced if cutting fluids are used as these
reduces the temperature more rapidly than air does.

2.4 Gear hobbing
Gear hobbing is a commonly used milling process in the production of
cylindrical gears for automotive transmissions. A hob is a milling tool that
has a large number of cutting teeth arranged in a spiral around the tool body.
During gear cutting, both the hob and the workpiece rotates in a
synchronized manner, while the hob is simultaneously fed downwards, see
figure 5a [11-13]. The gear hobbing process can be described as the meshing
of a worm with a worm wheel, in a worm drive, see figure 5b. The hob can
be compared to the worm and the workpiece to the worm wheel. The hob
generates the gear profile by a process called enveloping. This means that
successive hob teeth contribute to the shaping of a gear tooth by removing
small segments of material, see figure 5c. The shape of the chips produced
varies between different generating positions of the cutting teeth, and both
two and three flanked chips are formed [13]. The arrangement and geometry
of the cutting teeth can be designed to generate specific types and sizes of
gear teeth. The most common type of hob used for the production of
cylindrical gears, is made from a homogenous piece of powder metallurgical
high-speed steel (PM-HSS) covered with a wear resistant physical vapour
deposited (PVD) coating. The cutting teeth have a design that makes it
19

possible to recondition the hob, involving regrinding and recoating, several
times without influencing the original cutting geometry. In order to make a
cyclic reconditioning scheme possible, i.e. optimized regarding both
production economy and gear quality, the wear of the cutting teeth should be
stable and predictable. The risk of catastrophic wear and total tool
breakdown has to be minimized.
worm

worm
wheel
a

b
hob

c

gear

Figure 5. A gear hobbing set-up (a) where the hob is seen to the left in the picture,
and the almost finished gear to the right. Schematic pictures of a worm drive (b) and
the successive cuts by which a hob forms (“envelops”) a gear tooth (c).
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3 Tool materials

The majority of the metal cutting tools used in industrial applications, is
coated tools. Hence, the tools used and studied in this work consist of a tool
substrate material, coated with a thin, wear resistant coating.

3.1 Tool substrate materials
In this thesis, the tool substrate material has been either Powder
Metallurgical High Speed Steel (PM-HSS) or cemented carbide. Both
materials are common tool materials in industrial metal cutting operations.
Cemented carbide has the superior wear resistance and hot hardness of the
two and is the preferred substrate for turning operations at higher cutting
speeds. HSS is, however, still a frequently used tool material, partly due to
the facts that it is cheaper and that it allows manufacturing of large,
monolithic tools with complicated geometries. HSS has also a relatively high
toughness which is especially beneficial in intermittent processes, such as
milling. The main drawback, i.e. the lower wear resistance, of a HSS tool
can also be substantially improved by applying a tool coating.

3.1.1 Powder Metallurgical High Speed Steel – PM-HSS
HSS is a family of highly alloyed steels that come in several different
grades. The microstructure is based on a martensitic matrix, further
strengthened with an embedded hard phase of carbides, to increase the wear
resistance, see figure 6. The major alloying elements are the carbide forming
elements W, Mo, Cr, and V. Also, cobalt may be added to further improve
the hot hardness of the HSS. All HSS grades contain sufficient amount of
carbon to permit hardening to at least 64 HRC (about 800 HV) and has a
very high hardenability [14]. Powder metallurgy is used for producing clean
and uniform HSS with highly controlled, evenly distributed carbides leading
to higher performance. The PM-HSS grades used are mainly ASP 2030 and
ASP 2052 (Erasteel Kloster designations), and their chemical compositions
are shown in Table 1. The materials have been hardened and tempered, by
the tool manufacturer, to provide optimal performance in cutting
applications. The hardness values obtained were all around 900 HV (67
HRC). The ASP 2052 contains a higher amount of W than ASP 2030 and,
21

after an optimal hardening and tempering procedure, displays a somewhat
higher wear resistance and hot hardness at the expense of a somewhat lower
toughness (data from the steel manufacturer Erasteel Kloster).

Figure 6. Scanning electron microscope images of an etched PM-HSS comprising
carbides evenly distributed in a martensitic matrix. (b) is an enlargement of the area
indicated in (a).
Table 1. Nominal composition of the PM-HSS grades ASP 2030 and ASP 2052.
ASP 2030
ASP 2052

C
1.28
1.60

Cr
4.2
4.8

Mo
5.0
2.0

W
6.4
10.5

Co
8.5
8.0

V
3.1
5.0

3.1.2 Cemented Carbide
Cemented carbide is a compound consisting of carbide grains bonded
together by a metallic matrix. The carbides used are thermally stable and
harder than steel at any relevant temperature, and their properties are
decisive for the performance of the cemented carbide. The most common
type used in metal cutting, consists of tungsten carbides bonded together by
cobalt metal (WC-Co). The Co content is commonly in the range of 4 -12
wt%, and the size of the WC grains varies between 0.5 and 10 µm [5]. The
properties of the WC-Co are highly dependent on composition and grain size
which can be accurately controlled by the powder metallurgical production
process. Higher amount of Co leads to a decrease in hardness while a
decrease in WC grain size leads to an increase in hardness [5]. The cemented
carbide used in this thesis is a WC-Co with 10.5 wt% Co and a hardness of
1350 HV3kg.
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3.2 Tool coatings
By applying a coating to a tool, the surface properties are modified while the
bulk properties can be held intact. This enables the possibility to utilize
specific material parameters where they are most needed [3]. A coating will
not only alter the wear resistance of the tool but also the contact conditions
between the tool and the workpiece material [15]. Holmberg [3] summarises
the main desired effects when applying a coating to a cutting tool to be:
i.
ii.
iii.
iv.

An increased hardness of the surface, increasing the abrasive wear
resistance of the tool.
A reduced adhesion between the tool surface and the workpiece
material resulting in less adhesive wear and less material transfer to
the tool.
A reduced diffusion of atoms between the tool material and the
workpiece, by being chemically stable and acting as a diffusion
barrier, hindering chemical wear of the tool.
A reduced friction in the contact resulting in lower heat generation
and lower cutting force.

The coating material should thus comprise a low adhesion to the
workpiece material, a high adhesion to the tool substrate material, excellent
abrasive wear resistance, high chemical stability and a high toughness [3].
Furthermore, the thermal stability of the coating should be included in that
list, since the coating has to maintain its desirable properties at the elevated
temperatures involved in the metal cutting process. A low thermal
conductivity is often considered beneficial in order to protect the substrate
from thermal load [16]. However, Rech et al. [17] argue, with the support
from calculations, that it is not possible for a thin coating to act as thermal
barrier and efficiently protect the substrate from elevated temperatures in
continuous cutting operations. In intermittent cutting, however, such as high
speed milling, they found that a coating with low thermal diffusivity could
possibly constitute a thermal barrier protecting the substrate, due to the short
time contacts involved in these operations.
In order to obtain a functional coated system, certain important demands
are put on the substrate. As the tool coatings are thin and hard, the substrate
material, that will carry the load, has to be able to offer sufficient support to
avoid cracking of the coating. Also, the substrate material has to be able to
withstand the temperatures involved in the coating deposition process
without any degradation in load carrying capacity. The surface that is to be
coated has to be free from contaminations, and other flaws, that can affect
the adhesion and growth of the coating. The surface finish and the geometry
of the tool substrate are also important. This will be discussed further in the
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sections dealing with residual stresses in coatings (section 3.2.2) and the
wear of coated HSS tools (5.2).
It should be stressed that substrate material, workpiece material,
machining operation as well as the cutting environment (dry or in the
presence of different cutting fluids) should all be considered when choosing
the appropriate tool coating for a given application.

3.2.1 Tool coating materials
Several different coating materials have been used in the scope of this thesis.
They have been deposited by commercial suppliers using either Physical
Vapour Deposition (PVD) techniques (TiN, TiAlN, TiCN, AlCrN and the
Al2O3 in paper III) or using Chemical Vapour Deposition (CVD) processes
(TiN and Al2O3 in paper VI). A survey of the mechanical and thermal
properties of the coating materials is compiled in Table 2.
In 1969, Sandvik was first in the world with surface coated cement
carbide inserts, as they introduced CVD titanium carbide (TiC) to the
market. The first commercial PVD cutting tool coating was titanium nitride
(TiN), which was introduced in the early eighties. Compared to uncoated
tools, the coatings, if used correctly, led to all the desirable effects listed
above and revolutionised the cutting tool development. Another Ti-based
coating, that later on further increased the performance of cutting tools,
especially at high speeds and in dry applications, is the titanium aluminium
nitride (TiAlN) [18, 19]. Rech ascribes this to its ability to retain a high
hardness at elevated temperatures, compared to the TiN coating, which
reduces the abrasive wear [19]. By oxidation at high temperatures, an Al2O3
film is formed on the coating surface which leads to a reduction of the
thermal conductivity and thus further enhances the high temperature
properties of the coating. By adding carbon to the TiN-system, and forming
a titanium carbonitride (TiCN) coating, a higher coating hardness is obtained
and consequently an improved abrasive wear resistance [2, 18]. The thermal
stability of the coating is reduced, however.
Aluminium chromium nitride (AlCrN) is a more recently developed
coating where Ti has been completely left out and replaced by Cr. This has
led to an even higher oxidation resistance and lower thermal conductivity
than those of TiAlN [16].
The alumina (Al2O3) coating is a coating of high hardness, wear
resistance and high thermal stability, which comprises a low thermal
conductivity at high temperatures [20, 21]. Al2O3 was for a long time only
possible to deposit using CVD and thus restricted to use on cemented
carbides. Lately, PVD processes have been developed that allow commercial
deposition also on the more heat sensitive HSS.
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Table 2. Survey of mechanical and thermal properties of the different coating
materials used.1
Coating
material

TiN
(PVD)

TiCN
(PVD)

28±2c
24.3±2.4d
Hardness
(GPa)

22-25e
27.5f
23.5 h (20°C)
4.5 h (1000°C)

(CVD)

28-32e
29.5f

Oxidation
resistance
(°C)

500e
550f

400f
600g

Thermal
conductivity
(Wm-1K-1)

30e
26j
20i (RT, CVD)
25.7 i (725°C,
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e

CVD)

TiAlN
(PVD)
27.5±3.6b
25-30e
27.5f
30.5 h (20°C)
14.7 h (1000°C)

AlCrN
(PVD)

Al2O3
(CVD)

28-34 abc

32.0±2.2d

800e
750f
800g

~1100g

22e
6.5 g (RT)
10.5 g (450 °C)
8j

4g (RT)
4.5g(450°C)
4j

36i (RT)
5 i (725°C)

Data from the coating manufacturers

a

Hardness
(HV0.05)

2300

3000

3300

3200

Max service
temp (°C)

600

400

900

1100

Residual
stress (GPa)

-2.5

-1.5

-3

Paper II, b [25], c Paper IV, d Paper VI e [22], f [2], g [16], h [19], i [23], j[24],

3.2.2 Coating deposition and residual stresses
PVD and CVD are the two major techniques used for the deposition of tool
coatings. Both techniques are gas state processes, where the coating is
formed by the condensation of atoms or molecules from a gas phase onto a
surface [3]. The main difference is how the reactants forming the coating are
brought into the chamber and into gas phase. In CVD, all coating species are
introduced to the deposition chamber as gases in some form. The gaseous
1

The data are collected from literature, the supplier of the coatings and the experimental
results in this thesis. The methods used for measuring these properties are not always specified in the references. As the data might be dependent on the way it has been obtained, for
example load/penetration depth in the hardness measurements etc., no strict comparison
should be made. Furthermore, even though it is indicated if the values are obtained on coatings produced by PVD or CVD, it has to be remembered that deposition induced properties,
such as residual stresses, coating morphology, phases etc., can affect the listed properties.
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reagents react and the desired reactant condenses onto the substrate, forming
a coating. This process normally requires deposition temperatures in the
range 800-1200 °C, but this can be substantially lowered using different
reaction assisting actions, such as plasma enhanced CVD [26]. In PVD, at
least one of the coating species is evaporated or atomized from a solid source
within the coating chamber. This can be achieved either by the input of
thermal energy, evaporation, or by the transfer of kinetic energy, sputtering
[3]. As in CVD, a plasma can be used for enhancing the PVD process,
allowing e.g. improved coating properties and lowered deposition
temperatures [3]. Compound coatings can be deposited by introducing a gas
into the chamber, e.g. nitrogen, which reacts with the evaporated or sputtered
atoms, e.g. titanium, forming TiN. Compounds can also be accomplished by
parallel atomization from several solid sources, e.g. TiC [27]. Using PVD, it
is possible to deposit films at room temperature, but a substrate temperature
in the range 200-500 °C is often necessary to obtain sufficiently good
adhesion and coating properties.
Coating growth and residual stresses
The nucleation and growth of the coating is controlled by processes like
adsorption, surface diffusion, and surface reactions, leading to the
condensation of coating species at energetic favourable sites on a surface.
The condensed atoms can then be rearranged within the formed lattice
through bulk diffusion. It is normally energetically favourable for the coating
formation to commence by the nucleation of islands that grow and
eventually coalesce to form a uniform film [27]. The growth of a coating is
generally conducted far from thermodynamic equilibrium, especially in
PVD, and is mainly kinetically controlled. This results in the generation of
numerous crystallographic flaws in the growing coating. The accumulating
effect of these flaws is a state of stress in the coating which is growth related
and often termed intrinsic stress [28]. Examples of parameters that can be
expected to influence the coating growth, and thus the state of stress, are the
flux and incidence angle of atoms, shadowing effects by the surface
roughness and substrate geometry, substrate temperature, and the
bombardment of the growing surface with energetic ions. The latter can
induce atom movements to fill vacancies and or interstitial lattice points in
the surface, leading to a densification of the coating. The total residual stress
in the coating also contains a contribution from thermal stress. This stress
arises, when the coated substrate is cooled down from the deposition
temperature, due to differences in thermal expansion coefficient of the
deposited coating and the substrate.
PVD coatings on steel or cemented carbide substrates typically comprise
compressive stresses in the range 1-6 GPa [3]. The intrinsic stress is often
superior to the thermal stress due to the relatively low deposition
temperatures used in the PVD process. In fact, Gunnars et. al showed that,
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for a PVD TiN coating, ¾ of the total residual stress could be attributed to
the growth induced intrinsic stress [29]. In CVD coatings, however,
thermally induced stress dominates and it may be either tensile or
compressive depending on the material combination [30, 31].
Effect of compressive residual stresses in tool coatings
Ideally, the wear resistance of a tool coating would be improved by the
compressive residual stress often found in the PVD coatings. However, if the
stresses become excessively large, they have been shown to promote fracture
and delamination [31]. On a perfectly flat and smooth substrate of infinite
extent, the residual stresses will not generate any normal or shear stresses at
the interface, see figure 7a. They would only act positively on the coatings
cohesion. However, tool surfaces deviate quite a lot from this ideal case as
they have a certain surface roughness and a limited geometrical extent. At
the micro scale, the tool surface is composed by grooves, ridges, and edges,
all interacting with the stresses to generate stresses across the interface, see
figure 7b and c. The ratio between substrate radius and coating thickness is
of great importance for the magnitude of such induced normal stress, and an
increase in the radius/thickness ratio reduces the maximum normal stress.
Also, other types of irregularities such as pores (figure 7d) and impurities
will induce local stress fields and may have negative effects on the coating
adhesion.
σ∗

σ∗

(a)

(b)

(c)

(d)

Figure 7. Illustrations of an “infinite” coating on a perfectly flat and smooth
substrate having a compressive residual stress σ∗ (a) which generates a tensile “liftoff” stress at the interface of a ridge (b) or at an edge (c) and shear stresses at the
edges of a pore (d).
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4 Workpiece materials

Three types of steels are used as workpiece materials in this thesis. In paper
I-V, the workpiece materials consist of steels that are suitable for case
hardening and frequently used in the production of gears. These steels are
from here on categorized as case hardening steels. In paper VI, the
workpiece materials are an austenitic stainless steel and a plain carbon steel.

4.1 Case hardening steel
The case hardening steels are low carbon steels (C ≤ 0.25 wt %) that are
intended to be case hardened to give the final product a hard surface
combined with a tough interior. Alloying elements such as Mn, Cr, Mo, and
Ni is added to increase the hardenability of the steel [32]. This thesis deals
with soft state machining, i.e. machining of the workpiece steel prior to
hardening. The blanks are cast, hot rolled and then forged into shape. After
these treatments, the microstructure can contain several different phases and
structures simultaneously, namely; ferrite, pearlite, bainite, and martensite.
Together, they present a great variety of mechanical properties which results
in a poor machinability of the blanks. A subsequent heat treatment, and
controlled cooling, is thus often performed to reach a homogenous ferritepearlite structure to improve the machinability, see figure 8 showing the
steel used in paper II. The hardness of this steel was measured to be around
180 HV0.5.

Figure 8. The ferrite-pearlite structure, shown in two different magnifications, of the
case hardening steel. The ferrite phase appears white in (a) and (b). The lamellar
structure of the pearlite within the dark grains can be resolved in (a).

28

4.2 Austenitic stainless steel
Stainless steels are used in a wide range of applications from kitchenware to
engineering components. The main characteristic is of course its ability to
resist corrosion, which is accomplished by alloying the steel with a high
amount of chromium (> 12 wt%). The austenitic stainless steel is the most
commonly used type of stainless steel. It is fully austenitic from melting
temperature down to well below room temperature, which is accomplished
by alloying the steel with sufficient amounts of nickel that stabilises the
austenitic phase [33]. The basic nominal composition of the 316L grade,
which is the grade used in this thesis, is C max 0.03 wt%, Mn 2.0 %, Cr 1617 %, Ni 10-14 % and Mo 2-3 %, balancing Fe. The carbon content is held
low in order to avoid chromium carbide formation and molybdenum is added
to increase the pitting resistance. Manganese stabilises the austenitic phase
and it can also take care of the oxygen and sulphur in the steel melt by
forming oxides and sulphides. The hardness of the used 316L steel is around
210 HV.
The austenitic stainless steel can not be hardened by heat treatment but it
is prone to strain harden. Further, it is ductile, non-magnetic and has a rather
low thermal conductivity compared to other types of steel. Austenitic
stainless steels are generally known to be more demanding to machine than
plain carbon steels. They bond strongly to the tool, and chips often remain
stuck to the tool after cutting.

4.3 Plain carbon steel
The plain carbon steel, UHB 11 (Uddeholm designation), used in this work
has the typical analysis; 0.46 wt% C, 0.2 % Si, 0.7 % Mn and balancing Fe.
It is supposed to be used in an unhardened condition in applications such as
fixtures, guiding plates and simple structural components. The steel used
here has a ferrite-pearlite structure and a hardness around 200 HV.

4.4 Non-metallic inclusions in steel
Depending on the steel making processes and the cleanness of the raw
materials used, commercial steels contain more or less non-metallic
inclusions and trace elements that are not intentionally added to the steel
melt. Even though it often involves only small concentrations of elements,
they can have large effects on the obtained steel properties. Oxygen and
sulphur has a low solubility in steel and readily forms different oxides and
sulphides with other elements, resulting in the presence of non-metallic
inclusions in the final steel. These types of inclusions are known to have a
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strong influence on the machinability of the steel, which, in turn, is
dependent both on the composition as well as on the shape of the inclusion.
Examples of such inclusions are MnS, SiO2 and Al2O3.
MnS has long been regarded beneficial for the machinability, and where
machinability is the primary property, the sulphur content can intentionally
be held high. These steels are generally referred to as free-cutting steels. The
key effect is that the MnS inclusions act as a stress raiser in the primary
shear zone, hence improving the chip formation [34]. The MnS inclusions
can also be extruded onto the tool rake face and act as a diffusion barrier
between the chip and the tool. However, this effect usually disappears at
higher cutting speeds [34, 35].
Oxides have generally been regarded as detrimental for machinability due
to their low deformability and abrasive nature. However, by adding calcium
to the steel, Ca containing oxides like calcium aluminates, gehlenites
(Ca2Al(AlSi)O7) and anorthites (CaAl2Si2O8) may form. These have lower
hardnesses and melting points than the pure Al2O3 and SiO2 have. The
beneficial effect from adding Ca to the inclusions is thus partly the
elimination of abrasive oxides, and partly the formation of oxide layers, by
the extrusion of anorthitic and/or gehlenitic inclusions, on to the tool surface
[36, 37]. These layers then protect the tool surface against abrasive,
adhesive, and diffusive wear.
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5 Tool wear

5.1 General tool wear
Wear mechanisms generally encountered in metal cutting are adhesive wear,
abrasive wear, delamination wear and chemically induced (diffusion) wear
[3, 5]. Adhesive wear is caused by the formation of welded asperity
junctions between the chip and the tool faces. When shearing these
junctions, small fragments of the tool material are torn away by the chip.
Abrasive wear is caused by hard particles in the workpiece material that
abrade the tool by micro- ploughing, chipping and cracking. Delamination
wear is the removal of fragments of tool material due to plastic deformation
of the surface followed by subsurface crack formation and propagation.
Chemically induced wear is the material loss due to the diffusion or solution
of tool material atoms into the workpiece material. Attrition wear is a fifth
wear mechanism that may arise when a built-up edge is present and can lead
to rapid destruction of the cutting edge in intermittent cutting processes [5].
It involves the intermittent removal of larger fragments from the tool surface
due to high adhesive forces between tool and work material.
Depending on which wear mechanisms are active, general wear patterns
found on cutting tools are flank wear, crater wear and notch wear, see figure
9. Flank wear appears at the front edge of the tool flank face and are
regarded to be mainly caused by abrasive, adhesive and diffusion wear
mechanisms [3, 5]. Crater wear is the formation of a crater on the tool rake
face at the location of maximum temperature [3]. The crater can be formed
by one or a combination of different wear mechanisms such as diffusion,
abrasion, and/or delamination wear [3]. Notch wear is located at the
perimeter of the contact between tool and workpiece material, where sliding
contact conditions prevail. The wear mechanisms active in this area are
probably abrasion and adhesion and they are greatly influenced by chemical
interaction with the surrounding atmosphere [5].
Fracture of the tool and plastic deformation of the tool cutting edge are
two failure mechanisms that do not involve wear but instead are
consequences of detrimentally high compressive stresses acting on the
cutting edge [3, 5]. Fracture may also be a consequence of mechanical
fatigue in intermittent cutting processes, i.e. milling. The intermittent
processes can also lead to thermal fatigue where cracks are caused by the
alternating expansion and contraction of the tool surface due to the thermal
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cycling effect as the tool moves in and out of contact. If the cracks become
numerous they can coalesce and cause the removal of small fragments of the
cutting edge.
Rake face
Crater wear

Notch wear

Flank face

Flank wear

Nose wear

Flank wear
Edge chipping

Figure 9. Conceivable wear on a cutting tool.

5.2 Wear of coated HSS
Generally, a tool coating can offer a substantial increase in resistance to all
wear mechanisms listed above, but it has no or very little effect on the failure
mechanisms involving fracture and plastic deformation of the tool substrate.
Disregarding the latter, the wear of coated HSS tool ideally propagates by
mild abrasive, adhesive or chemical wear leading to a slow and gradual
removal of the coating. This is a relatively slow and, more importantly,
predicable mode of wear. But wear can also propagate by fatigue and
discrete detachment of the coating with premature exposure of the substrate
as a consequence, which leads to an accelerated, more unpredictable wear
rate [8]. Discrete coating detachment can have a number of causes. The
preparation of the tool surface before coating deposition is one critical stage.
Industrial grinding processes more or less always result in burrs at the edges
and, on a smaller scale, along the ridges on the ground surface as
exemplified in figure 10. The burrs can be described as thin flakes of
severely deformed material. When present under a hard, brittle coating they
will function as crack initiation points. As soon as the tool is put into use
they are sure to be broken off and leave areas of the substrate unprotected
and exposed to rapid wear. It is therefore extremely important to remove
such burrs from the substrate surface before the coating is deposited.
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Figure 10. Scanning electron microscope image showing an example of a large burr
hanging over the edge of the ground surface. Smaller burrs are also seen on ridges
on top of the ground surface.

As discussed in section 3.2.2, residual stresses in the coating may strongly
influence fracture and detachment of hard coatings already in the asdeposited state [31]. When the coated tool is eventually put to service and
external stresses are superimposed, cohesive or adhesive failures may occur
in regions where the coating is already experiencing high stresses, e.g. along
coarse grinding ridges or along the cutting edge of the tool.
Thermally induced phase transformations in the HSS substrate may
accelerate the wear propagation. HSS materials begin to show thermal
softening when heated above their tempering temperature, which usually is
somewhat above 500 °C [38]. Thermal effects may arise already prior to
coating deposition, during grinding of the HSS tool surface. If the grinding
process induces temperatures exceeding the austenitising temperature, the
HSS matrix material will transform into hard and brittle untempered
martensite at the surface, and a layer of soft tempered steel below that [3840]. When coated, this altered material will constitute a weak layer between
coating and HSS, which is severely detrimental to the performance of the
coating. Also a perfectly prepared substrate, with a perfectly deposited
coating, may suffer from thermal effects if the substrate temperature exceeds
the tempering temperature during cutting. The substrate will then soften and
yield under the contact pressure, which can result in brittle coating fracture
and a subsequent rapid wear of the exposed, softened HSS material
[5, 8, 41].
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6 Analysis

Analysing tool wear and material transfer to tools, together with
characterisation of both surfaces and materials, constitute the major part of
this work. The most frequently used techniques, with short description of
what they have been used for, are listed below.

6.1 Microscopy and Spectroscopy techniques
Scanning electron microscopy – SEM
Surface and cross-sectional analysis using SEM has been a major part of this
work and the technique has been used in all papers included in this thesis.
Studies of damage and wear mechanisms of tools as well as analyses of
material transfer have been carried out using the SEM. Different imaging
modes were used to highlight different contrasts, and varying acceleration
voltages have been applied to obtain different imaging depths. Four different
SEM equipments have been utilised. A DualBeam FEI Strata DB235 with a
Field Emission Gun (FEG) has been used for imaging cross-sections. A
Zeiss 1550 FEG SEM and a LEO 440 SEM with a LaB6 filament were used
for high resolution studies of mechanical cross-sections and surfaces.
Finally, a Zeiss DSM 960A SEM with a W filament was used for lower
magnification studies and back-scatter imaging of mechanical cross-sections
and surfaces.
Focused Ion Beam – FIB
A FIB instrument, FEI Strata DB235, equipped with a SEM column was
used for producing superficial cross-sections, with micrometer precision, of
tool surfaces in papers II -VI. This enabled positionally well-defined SEM
studies of interfaces between transferred material and tool surfaces. Ion
beam imaging with the FIB was performed to obtain contrast effects
complementing those received using electron beam imaging, e.g.
highlighting the microstructure in steel. The FIB was also employed in the
fabrication of TEM samples, where the ion beam was used for cutting out
samples of the surface and thinning them to electron transparency. In the
production of cross-sections and TEM-samples using the FIB, the surface
area of interest was first covered with a layer of Pt, in order to conserve and
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protect it from the subsequent milling. Further, the FIB was used for milling
out free standing circular pillars in the surfaces of the specimens in paper
VII, in order to achieve stress relieved material.
Transmission Electron Microscopy – TEM
TEM was used for high resolution studies of material transferred to tools in
papers IV and VI. Samples of the areas of interests were prepared with a FIB
using in situ lift out, and then analysed using a FEI Tecnai F30 ST or a FEI
Titan 80-300 Cubed. The samples were imaged using high resolution and/or
bright field imaging. In addition, structural analyses to determine crystalline
phases were performed, and Energy Filtered TEM (EFTEM) and Electron
Energy Loss Spectroscopy Spectral Imaging in STEM mode (STEM-EELSSI) were used for elemental mapping.
Energy Dispersive Spectroscopy – EDS
EDS, also called EDX (Energy Dispersive X-ray spectroscopy), was used for
qualitative analyses of the elemental chemical composition of transferred
materials to tool surfaces in papers II-VI. All EDS analyses were conducted
using an electron beam acceleration voltage of 20 kV, meaning that all
relevant elements could be analysed, but also that the analysing depth could
be several µm (depending on material). Both EDAX and Oxford Aztec Xmax systems have been used for the analyses.
X-ray Photoelectron Spectroscopy – XPS
XPS, also known as ESCA (Electron Spectroscopy for Chemical Analysis)
has been used for qualitative chemical analyses of material transferred to the
tool surfaces in papers II and VI. In contrast to EDS, XPS is surface
sensitive and the information depth is only up to 10 nm. Depth profiles were
obtained by altering analysis with material removal by sputtering using Ar+.
Furthermore, the bonding states of the analysed elements can be extracted
from the obtained XPS-spectrum.
Auger Electron Spectroscopy – AES
Further analyses of the chemical composition of transfer materials have been
made using AES in papers III-V. The technique is surface sensitive and has a
higher lateral resolution than XPS offers. However, less information on the
chemical bonds is obtained, compared to XPS. The analyses were performed
in an AES PHI 660 equipment.
White light interference profilometry
Non contact optical measurements of surface roughness were performed
using a WYKO NT 1100 equipment. The technique was employed for
characterising both tool surfaces [papers II-VI], and surfaces of chips
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[paper VI]. The vertical resolution is high, in the nanometre range, while the
lateral resolution is in the micrometer range.

6.2 Evaluation of mechanical properties
Nanoindentation
Mechanical properties, such as hardness and Young’s modulus, of coatings
have been measured using nanoindentation in papers II-VI. The technique
has also been used for determining the hardness of adhered materials to tools
[paper II] and to examine thermal softening of HSS [paper V]. Further,
nanoindentation has been employed to estimate residual stresses in coatings
[paper VII], which will be elaborated on in section 7.1.4. Two different
nanoindenter equipments have been used, a Nanoindenter XP
(Nanoinstruments) and a UNHT (CSM instruments) both equipped with
three-sided pyramidal Berkovich diamond tips.
The technique enables mechanical characterisation by indentation to very
shallow depths, and relies on the careful control and continuous logging of
indentation force, F, and the indentation depth, h, during the indent, as
shown in figure 11. From the obtained curve, both hardness and elastic
modulus can be determined. The most common method for analysing the
curves, and the one used in this thesis, is the one presented by Oliver and
Pharr [42]. The parameters used are primarily the maximum force, Fmax, the
indentation depth at maximum force, hmax, the contact stiffness at initial
unloading, S=dF/dh (the derivate of the first part of the unloading curve),
and the indentation depth obtained by extrapolating the initial part of the
unloading curve to zero load, h0 = hmax-hs, thus avoiding using the final
contact depth hf. The hardness and the elastic modulus of the material can be
calculated from these parameters together with the geometry (area function)
and elasticity of the indenter and the Poisson’s ratio for both the indenter and
the tested material.
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Figure 11 A typical force vs. indentation depth curve for a nanoindentation cycle.

Residual stress measurements
Two conventional methods for measuring the residual stress state in coatings
have been utilised. In paper VII, the X-Ray Diffraction (XRD) sin2ψ-method
was used for determining the amount of residual stress in a PVD TiAlNcoating deposited on cemented carbide. In paper II, a plate deflection
technique was employed to quantify the residual stress in PVD AlCrN
deposited on HSS.
In the XRD sin2ψ-method [43], the influence of strain on lattice spacing,
d, is measured for a specific crystallographic orientation with different tilt
angles ψ relative the coating surface. Assuming a biaxial stress tensor, the
strain εψ = (dψ-d0)/d0 has a linear relationship to sin2ψ, from which the stress
can be calculated if Poisson’s ratio and Young’s modulus of the coating is
known. d0 is the unstressed lattice spacing and calculated for ψ = 0. The
lateral resolution of this technique is limited by the ability to focus the
incident X-ray, i.e. generally in the millimetre range.
In the plate deflection technique [44], the substrate on which the coating
has been deposited, is thinned to reach a coating to substrate thickness ratio
of about 1/100. Typically, a flat coated sample of size 5×5 mm2 is cut out,
and carefully ground and polished from the backside to remove substrate
material without introducing new stress. Depending on the amount of
residual stress, the sample then deflects and a curvature is induced in the
coated surface. This curvature is measured and related to the amount of
residual stress through the Stoney equation [45]. The great advantages with
this technique is that no knowledge of Poisson’s ratio and Young’s modulus
of the coating is required, only that of the substrate material.
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7 Contributions

7.1 Test methods
Several test methods have been used in this thesis. Industrial gear hobbing
and laboratory cutting tests have been used in order to study tool wear and
material transfer, when cutting different workpiece materials [papers I-III,
VI]. A purely tribological test, namely a sliding contact rig, has been
developed, and used as a complement to the cutting tests. It was used for
more focused studies of the material transfer in the sliding contact between a
case hardening steel and different cutting tool coatings [papers III-V].
Finally, a recently developed method, based on nanoindentation, for
evaluating residual stresses in thin films was adapted for the evaluation of
stresses in coatings at cutting edges [paper VII].

7.1.1 Single insert milling tests
The single insert milling test was used for studying the material transfer
from chip to tool rake face during milling in case hardening steel [paper III].
This type of test allows for extensive testing as only one insert is required for
each particular test run. Similar test procedures can be found in [46, 47].
The tests were conducted in a vertical spindle face milling machine
(Mazak) equipped with a single insert milling cutter (ø 89mm) and a
magnetic table for the fixture of the workpiece. The geometry of the cutting
insert is presented in figure 12, which also shows the two cutting edges
involved in the chip forming process; the primary and the secondary cutting
edge. The surface studies were focused on the primary cutting edge. A
schematic picture of the milling test is shown in figure 13, where the rake
angle (12°) and clearance angle (6°) are indicated. The axial depth of cut (aa)
was 3 mm and the radial depth of cut (ar) was 8 mm. The feed was held
constant at 0.25 mm/rev of the insert, leading to a theoretic maximum chip
thickness of 0.25 mm. The climb milling was performed at a cutting speed of
120 m/min.
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Figure 12. Geometry of the cutting inserts used in the single insert milling test.

Figure 13. Schematic picture of the single insert milling test.

7.1.2 Turning tests
A turning test was used for studying tool wear and material transfer from the
chip to the rake face of a cutting tool [paper VI]. The workpiece materials
used were austenitic stainless steel and plain carbon steel. The cutting tests
were performed in a lathe with a setup shown in figure 14a. The workpiece
consisted of a hollow cylinder, with an inner diameter of 157 mm and an
outer diameter of 160 mm, resulting in a wall thickness of 3 mm. By cutting
from the side of the cylinder (longitudinal turning), the width of cut became
equal to the wall thickness. The cutting speed was 150 m/min and the feed
rate was 0.154 mm/rev. The rake and clearance angles were 0° and 11°,
respectively. Cutting and feed forces were measured using a KISTLER 3component dynamometer. By using this configuration, the only forces acting
on the tool will be the feed force in the direction of feed, parallel to the tool
rake face, and the cutting force in the cutting direction, perpendicular to the
tool rake face, see figure 14b.
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Figure 14. Setup of the turning test (a) and schematic pictures of the cutting insert
(b), showing the directions of measured forces and the location of studied area.

7.1.3 Sliding tests
Several friction rigs have been developed and used in the past, in order to
simulate the tool–chip contact without the influence of a degenerating
cutting edge and other variations in the chip forming process [48–50]. In this
work, a modified version of the continuous sliding contact rig originally
proposed by Hedenquist et al. [41] was used. The aim was focused studies of
material transfer, and the influence of tool coating properties and sliding
speeds on the contact characteristics [paper III-V]. The “chip material” was
mounted as the workpiece in a lathe (diameter 0.14 m, length 1.0 m). The
tool rake face was represented by a coated cylinder (diameter 5 mm, length
20 mm), which was pressed against the workpiece by a spring. The load and
the friction forces were measured continuously. To simulate the tool’s
contact with freshly cut material, as in a real cutting operation, the tool
cylinder was fed during sliding, forming a helical contact track on the work
material, see figure 15. The surface of the workpiece was machined right
before the start of the test in order to have a fresh surface and to minimise
excessive surface oxidation. The testing could be performed either
continuously or intermittently. The latter to imitate milling, where each
loading cycle of the tool, lasting 12-70 ms, was followed by an unloading
cycle of 500 ms. The normal load used in the tests, was sufficiently high to
plastically deform the workpiece material in the contact.

Figure 15. Schematic picture of the sliding contact rig, where the small cylinder,
representing the tool, is pressed against the larger cylinder, representing the work
material, and simultaneously fed in the lateral direction.
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7.1.4 Nanoindentation for evaluation of residual stresses
The amount of residual stress in a thin coating has been shown to have an
impact on the obtained hardness value, when measured using
nanoindentation [51]. Nanoindentation could thus be used for evaluating the
state of stress in a coating. This is realized by indenting the original surface
as well as stress-relieved pillars of the exact same material [paper VII],
which is a method originally proposed by André [52]. A schematic picture of
the principle is shown in figure 16. The ratio between the height and the
width of the pillar has to be sufficiently high to allow for stress relaxation in
the better part of the pillar.
stress relieved pillar
σ∗
σ∗
compressively stressed coating

σ∗

σ∗

compressively stressed coating

Figure 16. Schematic picture of a stress relieved pillar made in a compressively
stressed coating.

The pillars are milled out of the original surface using an instrument that
combines the capabilities of a focused ion beam (FIB) with those of a scanning electron microscope (SEM). In the sequences in figure 17, the development during milling of such pillars is shown for a flat coating surface and
for a cutting edge, respectively. The top surface of each pillar is never exposed to the ion beam, and can be assumed to be unaffected by the procedure, see figure 18a. The local heating, associated with the sputtering process, is almost entirely restricted to the region of the collision cascade, which
is only a few tens of nanometres in size [53]. The larger part of the pillar is
thus oblivious to any type of heating. The indentations are made to such a
shallow depth, that the activated volume in the material should not be affected by the lack of material around the pillar, or by the substrate material.
The indentation response can then be compared with corresponding indents,
made in the original, stressed coating. A typical indentation mark made in a
pillar is shown in figure 18b.
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Figure 17. The sequential evolution of the formation of pillars, as the surrounding
material is sputtered away using a FIB, on a flat coated surface (a) and a coated
cutting edge (b).

Figure 18. A close-up of a milled out pillar (a) and a top-view of a pillar after
indentation (b).
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7.2 Wear of coated HSS hobs
7.2.1 Identification of damage and wear mechanisms for future
production of more reliable and efficient hobs.
(Paper I and II)
A hob is an advanced gear cutting tool, usually made homogenous of highspeed steel (HSS) and coated by physical vapour deposition (PVD). It is
designed to be regrinded and recoated several times without affecting its
cutting geometries. Efficient usage of the tool, considering production costs
and gear quality, requires reconditioning before wear starts to affect the gear
quality negatively, and certainly before the tool wear renders reconditioning
impossible. However, hobs of today generally suffer from unpredictable
wear, making it difficult to schedule when they should be taken out for
reconditioning. A survey of wear, as observed on today’s state of the art
hobs used by Swedish gear manufacturers, was performed. With this at hand,
identification of the most frequent damage mechanisms and the most
common problems was possible, which helps in future production of more
reliable hobs. A total of eight different types of hobs were collected from
seven different Swedish gear manufacturers, see Table 3 for some tool
characteristics. Each hob was chosen to show characteristic wear
representative for the specific production line by the manufacturers
themselves. Cutting teeth involved in different amount of chip forming
processes could be obtained from one individual hob due to the tool shifting
schemes used. Thus, the propagation of wear could be studied. Nondestructive surface analyses, using LOM (light optical microscopy), were
performed on all types of hobs, and the survey was complemented by crosssectional and SEM analyses on three of them.
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Table 3. Tool and cutting characteristics for the studied hobs.
Tool
label

A

B

C

D

E

F

G

H

Tool
material

ASP
2030

ASP
2030

S390

ASP
2052

ASP
2030

ASP
2030

ASP
2052

S390

Coating

AlCrN

AlCrN

AlCrN

AlCrN

TiAlN

TiCN

AlCrN

TiAlN

Work
material:

CHSa:
17Ni
Cr
Mo

CHS:
16Mn
Cr
S5

PHSb

HASc:
21Ni
CrMo
5H

CHS:
20Mn
Cr
S5

CHS:
20Ni
Cr
Mo
S2-2

CHS:
20Mn
CrS5

CHS:
SS
142172

Speed
[m/min]

110

120

75

70

80

124

150 180

180

Feed
(feed/
tooth)
[mm/rev]

0.31
(~0.02)

4
(~0.6)

4
(~0.3)

3
(~0.2)

3.5
(~0.4)

5

4-5
(~0.3)

3
(~0.4)

Coolant
Oil
Oil
Oil
Oil
Oil
Oil
Air
Air
a
b
c
Case hardening steel (CHS), Precipitation hardening steel (PHS), High grade alloy steel
(HAS)

Damage mechanisms
The non-destructive survey of the hobs showed that the wear was most
commonly located on the rake faces and at the cutting edges of the cutting
teeth. The dominating wear was characterized as crater wear and edge
chippings. The craters were generally located close to the cutting edge on the
rake face of the cutting teeth.
Chipping of the coating around the cutting edge
Discrete failures in the cutting edge, resulting in edge chippings, were seen
on six of the eight hobs, which is exemplified by hob B in figure 19. As a
matter of fact, chipping of the coating around the cutting edge could even be
seen on unused teeth, see figure 20. On hob B, see figure 20a, the coating is
nonexistent, or very thin, around the edge while it is rather thick on both the
rake face and the flank face of the tooth. Steps, where the coating thickness
is reduced rather abruptly, can also be seen on both the flank face and the
rake face. On hob E, the interlayer, seen as a thin light band between the
coating and the HSS substrate in figure 20b, is interrupted and missing in
some regions around the edge, indicating that the coating has spontaneously
chipped locally during the growth process. The residual stress in the AlCrN
coating, used on hobs A, B, D and G, was measured to be around -4 GPa,
using a deflection technique [44] on a flat and polished reference sample.
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This residual compressive stress induces a “lift-off” stress perpendicular to
the interface on the cutting edge, which increases with an increase in the
ratio between coating thickness and edge radius [31]. This is further
described in section 7.4. The chipping of the coating around the cutting
edges was thus spurred by the high residual stress.

Figure 19. The rake face (a) and the flank face (b) of a worn tooth on hob B,
showing a jagged cutting edge line, which is a clear evidence of edge chippings.

Figure 20. Cross-sections of unused cutting teeth extracted from hobs B (a), E (b)
and G (c).

Crater formation
Five of the eight hobs show wear resulting in one or several craters on the
rake faces, which is exemplified by hob E and hob F in figure 21 and 22,
respectively. The shape and location of most of these craters give the
impression that the wear was dominated by numerous discrete failures rather
than by continuous wear. The failures were supposedly associated with
“isolated” defects, which lower the wear resistance considerably on a local
scale.
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Figure 21. The rake face (a) and the flank face (b) of a worn tooth on hob E,
showing an irregularly shaped crater close to the cutting edge on the tooth rake face,
without significant edge chippings.

Figure 22. The rake face (a) and the flank face (b) of a worn tooth on hob F,
showing a large crater close to the cutting edge along with smaller isolated craters
on the rake face, together with extensive edge chippings.

Wear mechanisms
Cross-sections of used hob teeth showed cracking and flaking of the coating
adjacent to interface irregularities and/or coating defects (droplets), see
figure 23. The coating on hob E contained a high amount of droplets with
low cohesion to the surrounding coating, see figure 24. A high adhesion to
the chip, together with a low cohesion to the surrounding coating, led to easy
removal of droplets by the chip and an increased porosity of the coating.
Both droplets and pores could then act as crack initiation points.
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Figure 23. Cross-sections of used hob teeth showing coating failures and cracks
connected to surface irregularities and droplet sites for hob B (a) and hob E (b).

Figure 24. PVD TiAlN coating on hob E comprising a high droplet density, topview of the rake face (a), cross-section through droplets (b) and proposed wear
mechanism involving detachments of the droplets and crack initiation and growth
when externally loaded (c).

Even though the dominating damage mechanisms (wear patterns) differed,
from edge chippings to crater formations, the underlying wear mechanisms
were much the same. It was mainly controlled by cracking and detachment
of fragments of the coating due to local overload. The location and extent of
the damages differed, however. For example, the life limiting weakness of
hob B was its sharp cutting edge in combination with a thick coating. This
led to flaking of the coating around the edge, and accelerated wear of the
exposed HSS, resulting in a jagged cutting edge. For hob E, on the other
hand, the weakness was its irregularities in the coating itself and in the inter47

face between coating and substrate. Here, the cohesive coating failures were
located on the rake face, close to the cutting edge, resulting in craters where
exposed HSS was rapidly worn.
An example of wear propagating all the way to catastrophic wear and tool
failure
The wear of hob G, used in dry gear cutting, began at the cutting edge where
the PVD-coating was removed at an early stage. The wear then propagated
by the removal of further coating fragments, of more or less full coating
thickness, from the free edge of the coating, spurred by the intrinsic
compressive stress in the coating and the intermittent cutting process, see
figure 25a. This resulted in the exposure of HSS on the rake face close to the
cutting edge. As the HSS has a considerably lower wear resistance than the
PVD coating, a crater was formed in close connection to the edge line, see
figure 25b. If the crater was allowed to grow too big, or if the stress on the
cutting teeth suddenly increased, this could lead to edge failure and sudden
flank wear. As the flank wear continues to grow, the temperature increases,
leading to extensive thermal softening of the HSS on the rake face. This is
shown in figure 26 where three consecutive cutting teeth, cf. figure 5,
extracted from a hob of type G, suffer from catastrophic wear. Edge failure
and flank wear are seen on tooth I, while more extensive flank wear is seen
on the following tooth, II. Due to the insufficient cutting properties of the
two prior cutting teeth, the third tooth, III, was exposed to a larger than
intended cutting depth, and consequently a higher temperature, leading to
substantial softening of the HSS. This wear is termed “catastrophic” as it has
a detrimental effect on the produced gear wheel, and it is so extensive that
the hob cannot be reconditioned, but has to be taken out of production
prematurely.

Figure 25. a) Cross-section of the rake face on a worn cutting tooth on hob G,
revealing a crack in connection to the free standing coating edge. The cutting edge is
located to the right in the picture. b) SEM image of the rake face of a worn cutting
tooth on hob G, showing a crater in close connection to the cutting edge.
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Figure 26. The propagation of catastrophic wear of consecutive teeth on a hob of
type G. Edge failure (I) cause extensive flank wear (II) and extensive thermal
softening and large scale wear of the HSS (III).

Main conclusions
It could be concluded that the cutting edge constitutes a crucial part for hob
teeth degradation.
The wear was most often initiated at local defects in the coating, such as
droplets and pores or free standing coating edges, or at the interface, i.e.
surface roughness of the substrate, and propagated by discrete fractures.
High intrinsic stress in the coating increased the risk of coating spallation
and accelerates the wear of the cutting edge.
It was thus concluded that improved substrate surface preparation, improved cutting edge geometry and controlled residual stress levels and defect
densities in the coating, are essential issues that have to be addressed in the
development towards more reliable hobs.
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7.3 Material transfer
An important issue that will influence the contact conditions in the tool-chip
contact is the occurrence of material transfer from the chip to the tool.
Material transfer is not only a consequence of the prevailing adhesive and
frictional properties of the contact. It will also subsequently control the very
same properties. This is especially important in the intermittent milling
process where the chip forming process is repeatedly renewed thus
preventing a continuous flow zone to be established.

7.3.1 Material transfer in hobbing of case hardening steels
(Paper I-II)
Material transfer has been identified and studied in hobbing of case
hardening steel, in order to obtain an increased understanding of the
tribological conditions in the contact between the chip and the tool, in this
specific application.
Material transfer on hob rake faces
Basically two different types of material transfer were observed on the hobs
after milling in case hardening steels, cf. Table 3. First, there was the transfer
of steel, preferentially found sticking to surface irregularities and filling out
craters and pores in the coating on the surface of the tool rake face. This
steel transfer was found on the hobs operating with oil as cutting fluid as
well as on the hob operating at dry conditions. On hob E, with its rather
uneven coating surface filled with droplets and pores, having cut with a
cooling aid, steel adherence could be found, filling up pores in the coating,
in all areas of the chip-tool contact. This is shown for the rake face area
close to the cutting edge in figure 27a. The adherence of steel to surface
irregularities implies high frictional and adhesive forces in the tool chip
contact. This was probably a prerequisite for the tearing away of coating
fragments leading to increased porosity of the coating and subsequent crater
formation, cf. figures 21 and 24. On hob G, on the other hand, which had
been operating without any cutting fluid, this steel adherence was
predominantly found in the area where the chip leaves the contact with the
tool rake face, see figure 27b.
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Figure 27. Steel adherence on the rake face, close to the cutting edge, of hob E (a)
and on the rake face, where the chip leaves the contact, of hob G (a)

The more highly stressed areas of the rake faces of hob G, were gradually
covered by a layer of transferred material with a composition that deviated
strongly from the composition of the work material. XPS and EDS analyses
showed enrichments of the alloying elements Cr, Mn, and Si in the layer, all
in oxidized forms, see figure 28. The nominal composition of the case hardening steel is presented in Table 4.

Figure 28. EDS elemental maps obtained on a rake face of a used cutting tooth
extracted from hob G, showing the presence of an adhered layer mainly consisting
of O, Cr, Mn and Si. Note that, the PVD coating is AlCrN, which contributes to the
Al and Cr maps.
Table 4. Nominal composition (wt%) of the case hardening steel machined by
hob G.
C
0,17
0,20

Cr
1,10
1,25

Mo
0,1

Al
0,017
0,030

Si
0,15
0,40

Mn
1,05
1,20

P
0,035

S
0,030
0,045

Ni
0,1

N
0,01
0,02

Fe
Bal.
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A cross-section, prepared and imaged using a FIB, showed that the layer was
not homogenous, but contained particles, see figure 29. At room
temperature, the hardness of the layer (15 GPa) was significantly higher than
that of the work material (1.7 GPa). The smoothness of the layer, however,
proposes that the material had been very soft during the actual cutting. In
addition, the lines running along the direction of chip flow, seen in the crosssection in figure 29, suggest that the layer was plastically deformed
(sheared) in the direction of movement of the chip. This also implies that the
relative motion between chip and tool was partly carried out by shearing a
soft material. This would have a positive effect by reducing the friction force
between chip and rake face.

Figure 29. Cross-section of the adhered layer on a cutting tooth extracted from
hob G.

Main conclusions
Steel from the workpiece tends to stick to and accumulate at surface
irregularities on the tool surface. If the temperature becomes sufficiently
high, as in dry gear hobbing, an oxidized transfer layer with a distinctly
different composition than that of the workpiece steel may form on the tool
rake face.

7.3.2 Evaluation of an intermittent sliding rig and its ability to
reproduce material transfer in milling operations
(Paper III)
Tribological testing has been performed in a sliding contact rig, which aims
to mimic the contact between the chip and tool rake face, without the
influence from variations in the primary shear zone and a degenerating
cutting edge. By being able to accurately control and monitor the input
parameters, the results become easier to interpret compared with actual
cutting tests. This kind of rig facilitates economy efficient screening tests of
both tool and workpiece materials for cutting.
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The relevance of the simulated chip/tool contact in the sliding contact rig
has been evaluated regarding its ability to reproduce material transfer found
on milling tools. Laboratory testing was performed both in the sliding
contact rig, described in section 7.1.3, and in the single insert milling test
set-up, described in section 7.1.1. Polished PVD TiN coated HSS was used
as tool material and the workpiece material was a case hardening steel with a
pearlite-ferrite structure and a nominal composition as presented in Table 5.
The workpiece materials used in the different tests were derived from the
same batch. The testing in the sliding contact rig was performed
intermittently to imitate the conditions in milling. The material transfer,
found on the different tools after testing, was compared and analysed with
respect to appearance and chemical composition using SEM, EDS, and AES.
Table 5 Nominal chemical composition (wt%) of the case hardening steel used in the
intermittent sliding test and the single insert milling test.
C
0.20

Cr
0.55

Mo
0.18

Al
0.04

Si
0.24

Mn
0.86

Cu
0.21

S
0.01

Ni
0.58

Sn
0.01

other
0.03

Fe
bal

Material transfer in milling and in the intermittent sliding rig
It was found that the material transferred to the tool cylinders in the
intermittent sliding test correlated very well to the material transfer found on
inserts after milling. In both tests, there was a tendency for the adhered
material to form two areas with different compositions. Firstly, there was
adhesion of oxidized steel constituents, i.e. iron and alloying elements, in
approximately the same proportion as in the work material, forming a layer
that appeared light grey in the SEM pictures and is denoted as II, see figures
30 and 31. This occurred mainly on, or close to, the edges of the contact
tracks on the tool cylinders. In milling, these areas were located where the
chip separates from the rake face and at the edges of the chip, defined by the
depth of cut. For both cylinders and inserts, this was where the pressure and
temperature had been only moderate, and where oxygen from the
surrounding environment had been present during the contact with the work
material. At the more highly stressed contact areas, where both the pressure
and the temperature had been high, another type of oxidized layer was
found. That area appeared dark in the SEM pictures and is denoted as I in
figures 30 and 31. The layer found on the tool cylinders and the cutting
inserts were, again, very similar, and mainly consisted of a few specific
elements from the work material, namely Al, Si and Mn, all enriched and
oxidized. This oxidized layer was not homogenous and rather large
variations in Al and Si concentrations were found.
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Figure 30. Different locations on a rake face of a cutting insert after milling,
comprising a complex oxide transfer layer (I) and an oxidized steel transfer
layer (II).

Figure 31. A contact track on a tool cylinder, after intermittent sliding against the
steel workpiece, comprising a complex oxide transfer layer (I) and an oxidized steel
transfer layer (II).

Main conclusion
The intermittent sliding contact test is of high relevance for studying the
interaction between tool rake face and work material in milling. It was
shown to accurately imitate the different forms of material transfer occurring
in milling.

7.3.3 Transfer film formation and tool coating evaluation in the
intermittent sliding rig
(Paper IV-V)
The sliding contact rig was used for studying the material transfer, and
transfer film formation, in the contact between PVD coated HSS tool and the
case hardening steel presented in Table 5. Influences from sliding speed, and
tool surface roughness, were evaluated for two different PVD coatings, TiN
and AlCrN. In the results described below, except where otherwise stated,
the testing was done intermittently, with 500 ms out of contact after each
engagement, to allow for cooling in between contacts. Each test included a
total of 50 contacts and the mean normal load during each engagement was
kept constant, at about 50N.
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Influence of sliding speed
The influence from sliding speed on transferred material was studied in tests
with polished TiN coated HSS tool cylinders. Three different speeds were
used, and attempts were made to keep the sliding distance in the same range
for all tests by adjusting the time in contact.
Moderate sliding speeds (120 m/s), resulted in the formation of the two
distinctly different transfer layers, I and II, already shown in figure 31.
EFTEM analyses of the dark transfer layer (I), formed in the high pressure
and high temperature area on polished TiN, revealed an amorphous or
nanocrystalline matrix of oxidized Al, Mn, and Si, with embedded
crystalline Fe-rich particles, see figure 32. In these analyses, the interface
between the transfer layer and the coating appeared to be Fe-rich.

Figure 32 Cross-section of the dark transfer layer (I) on polished TiN, imaged with
TEM together with elemental maps obtained by Energy Filtered TEM. The oxidized
matrix is exemplified by Mn and O (although Al and Si were also abundant).

Corresponding analyses performed on the light-grey transfer layer (II),
formed in the periphery of the contact on polished TiN, revealed a nanocrystalline matrix consisting of mainly iron oxide, containing larger crystalline
iron oxide particles. The layer was also rich in Cr, although its distribution
was not as homogeneous as that of Fe and O. There was a clear enrichment
of Cr towards the interface between the transfer layer and the coating, see
figure 33. Enrichment of Mn was also detected in the interface region.

Figure 33. TEM images of a cross-section made in the light grey transfer layer (II)
obtained with bright field imaging (a) and energy filtered TEM showing a Cr-map
(b).
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At low sliding speed (60 m/min), the power put into the contact, and consequently the maximum temperature generated during sliding, were significantly lower and the two different regions were not formed. Instead, frequently adhered steel lumps were found on the tool surface. The steel lumps
were basically unoxidized, although grain-refined, workpiece material.
At high sliding speed (235 m/min) the two transfer layers did form.
However, the elevated power put into the contact appeared to lead to
excessive heat generation, which sometimes resulted in extensive wear of the
coated HSS tool cylinders. Figure 34 shows an example of a heavily worn
PVD TiN coated tool cylinder. The TiN coating was completely removed
from the central part of the contact, and the exposed HSS was subsequently
worn. The formed crater was refilled with heat affected workpiece material.

Figure 34. A close to central part of a contact track on polished TiN after high speed
sliding test showing cracks in the coating (far left) together with the adherence of
steel (a). The workpiece material has been moving from right to left. A crosssection, produced using a FIB, through the adhered steel reveals complete removal
of the coating, and the formation of a crater in the HSS, which is completely refilled
with workpiece material. Imaged using electrons (b) and ions (c).

Influence of tool surface roughness
Tests with rougher PVD coated tool surfaces were also conducted at
moderate sliding speeds (120 m/min). It was concluded that the two oxidized
transfer layers, described for the polished tool, did also appear at the rougher
tool surfaces. However, the formation of continuous layers was less distinct
and the light-grey iron oxide layer was found in patches, often connected to
grinding grooves, rather than in a continuous layer. On the roughest tool
surface it was evident that the work material was also abrasively worn. This
resulted in transferred steel, now largely non-oxidized, at scratches and other
irregularities in the tool surface.
Tool coating evaluation
The performance of two different PVD tool coatings were evaluated and
compared; TiN and AlCrN. TiN is a traditional tool coating in milling, but is
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about to be phased out by other coatings, for example AlCrN, which has
shown high wear resistance in high performance cutting operations [16].
At moderate sliding speeds (120 m/min), no significant difference in
composition of the formed transfer layers, in region I and II respectively,
could be resolved using SEM, EDS, and AES. However, the average
coefficient of friction tended to be slightly higher for the polished TiN
coated specimens than for the polished AlCrN coated specimens. An
increase in the coefficient of friction could be correlated to an increase in
area covered with the light grey transfer layer, i.e. region II in figure 31,
basically consisting of iron oxide.
Furthermore, at low sliding speed (60 m/min), no difference in
composition of the transferred workpiece material could be seen for the
different coatings. However, the transferred steel lumps were generally
thicker on the TiN coating than on the AlCrN coating, see figure 35. FIB
cross-sections of such lumps suggest that the adhesion to AlCrN was lower
than that to TiN, which could indicate that, during sliding, transferred lumps
are more easily and frequently removed from AlCrN than from TiN, see
figure 36.

Figure 35. Topography measurements showing the steel lumps in the contact tracks
on polished TiN (a) and polished AlCrN (b) after low speed intermittent sliding
tests.
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Figure 36. FIB cross-section through adhered steel lumps on polished TiN (a) and
polished AlCrN (b) after low speed intermittent sliding tests. Note the less intimate
contact between the transferred steel and the AlCrN coating compared to the TiN
coating.

At high sliding speed, the elevated temperature in the contact induced phase
transformations and thermal softening of the HSS substrate. The loss in mechanical support resulted in semi-circular cracks, running perpendicular to
the sliding direction, throughout the thickness of the hard and brittle coatings, see figure 37 and 38. The TiN coating suffered even more, with subsequent coating detachment and wear of the HSS, cf. figure 34. Even though
thermal softening of the HSS also occurred when the AlCrN coating was
employed, see figure 38, the resulting wear after 50 contacts was considerably less extensive than for the TiN coated specimens. As there were only
minute differences in obtained friction coefficient between the coatings,
comparable amount of heat should have been generated in the contacts. This
may imply that less heat was transported through the AlCrN coating, resulting in a smaller volume of heat affected HSS. Another possibility would be
that the AlCrN coating can cope with the loss of support from the substrate,
and the elevated temperature, in a better way than the TiN coating can. The
reality could certainly be a combination of both factors.

Figure 37. Semi-circular cracks, perpendicular to the sliding direction, in the contact
track on polished AlCrN after a high speed intermittent sliding test.
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Figure 38. Cross-section made in the cracked area in figure 37 imaged with an ionbeam to highlight the structure of the HSS. Overview of the cross-section with the
coating on the top (a) together with magnifications of the altered HSS microstructure
close to the coating interface (b) and the martensitic structure in the lower part of the
cross-section (c).

Similar cracking of the TiN coating occurred even at moderate sliding speed
after an increased number of contacts or in continuous sliding, see figure
39a. At that speed, the AlCrN coating showed no tendency for cracking at
all. No thermal softening of the HSS substrate underneath the cracked TiN
coating could be deduced, see figure 39b, and only very small differences in
measured frictional forces for the two coatings were recorded. The difference in performance between the coatings is thus most likely best explained
by a higher inherent crack resistance of the AlCrN coating compared with
the TiN coating

Figure 39. Cracking of the polished TiN coating after prolonged testing at moderate
sliding speed (a) with no evident changes in the microstructure of the HSS revealed
by ion-beam imaging (b).

Main conclusions
Depending on sliding speed, local pressure, and temperature, different types
of material transfer occurred. If the sliding speed was sufficiently high, two
distinctly different transfer layers formed. In the contact area of high
pressure and high temperature, a layer consisting of Mn, Si, Al and O
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formed with an enrichment of Fe close to the tool surface. In more peripheral
areas, where the pressure was lower, layers formed consisting of Fe, Mn, Cr
and O, with an enrichment of Cr and Mn close to the tool surface.
At low sliding speed, these layers did not form, but instead an uneven
transfer of steel occurred. AlCrN showed a lower tendency to such steel
transfer than TiN did. AlCrN also provided a better substrate protection at
higher sliding speed, and a higher resistance against cracking in prolonged
testing, than TiN did.

7.3.4 Initial material transfer when turning austenitic stainless
steel and carbon steel
(Paper VI)
In order to increase the understanding of the adhesion between chip and tool
rake face during orthogonal machining, the very initial material transfer to
the tool was studied. Short term turning tests, using the configuration
described in section 7.1.2, were conducted. Two different kinds of steels
were used as workpiece materials, a commercial free-cutting grade of the
austenitic stainless steel 316L and a plain carbon steel, UHB 11. The steels
were chosen to represent a challenging steel, 316L, and a steel characterized
by a good machinability, UHB 11. The cutting tests were made using CVD
Al2O3 and CVD TiN coated cemented carbide inserts. The inserts were
prepared to two different surface roughnesses, standard rough (as deposited)
and polished. Both the influence of tool surface roughness and the influence
of coating material on the initial material transfer to the tool rake faces were
thus considered. Surface analyses were made on the produced chips and on
the inserts after very short cutting times, 1 s and 5 s.
Austenitic stainless steel vs. carbon steel
The contacting surface on the chips produced in the stainless steel showed
evidence of shearing within, and frequent shearing off, built-up layers,
whereas no evidence of this was apparent on the produced chips in the
carbon steel. Furthermore, higher amounts of adhered material were found
on the inserts after turning in the stainless steel than in the carbon steel,
which is exemplified by the micrographs of the rake faces of polished TiN,
after 5 s of turning, shown in figure 40. The areas with bright contrast are
mainly adhered workpiece material. The larger areas of workpiece material,
seen in figure 40d, were associated with pits in the surface, which were up to
2-3 µm deep. This particular type of coating pits was only found on polished
TiN, which had been turning in the austenitic stainless steel, and in the area
close to the cutting edge. Due to strong adhesive forces between the chip and
the tool surfaces, coating fragments had been detached and removed by the
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chip. As the pits were refilled with new work material, this procedure likely
occurred repeatedly during cutting, and not only when the entire chip was
removed upon disengagement.

Figure 40. SEM images of the rake faces of polished TiN coated inserts after turning
in the carbon steel UHB 111 (a, b, and c) and in the austenitic stainless steel 316L
(d, e and f). The areas imaged are close to the cutting edge (a and d), about 300 µm
further in on the rake face (b and e) and where the chip separates from the tool rake
face (c and f).

Non-metallic inclusions, from both types of workpiece steels, accumulated
in the high temperature area on the inserts. On inserts turning in the carbon
steel, enrichments of S, Mn and Al were found in that area. Turning in the
austenitic stainless steel resulted in enrichments of mainly Ca, Si, and Al.
TEM studies, made on a polished TiN coated insert, also indicated preferential adherence of Cr and V from the stainless steel onto the coating surface,
see figure 41.
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Figure 41. STEM-EELS spectrum imaging acquired around an adhered steel particle
on the polished TiN coating after 1 s of turning in austenitic stainless steel 316L.
The maps show that the particle contained Fe and Cr, and is oxidized at the surface
facing upwards. Cr is present even outside the particle on top of the coating, together
with Ca, O, and V.

Influence of coating surface roughness
The high roughness of the standard rough inserts caused higher amount of
work material to adhere than on the corresponding polished inserts. This was
valid for both coatings and both work materials. However, even on polished
tool surfaces, work material tended to stick to and accumulate at small
surface irregularities, see figure 42a.
After cutting, the Al2O3 coated inserts showed shallow deformation, in the
outermost surface, in the high temperature area. This is evident in the TEM
micrographs obtained from a polished Al2O3 insert, shown in figure 42b.
This phenomenon appears to level out the initial roughness differences
between the standard rough Al2O3 coating and the polished Al2O3 coating, as
these show great similarities in this particular area after 5 s of turning, cf.
figure 43c-e. In other areas on the tool surface, higher amounts of steel
adhered to surface irregularities, cf. figure 43a and b. Comparing the two
TiN coatings, the standard rough coating showed larger amounts of adhered
steel in all areas than the polished one did.
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Figure 42. a) SEM image of the rake face of polished Al2O3 coated insert after
turning in 316L for 1 s. The insert is orientated with the cutting edge upwards in the
picture. b) TEM images of a cross-section made in an area similar to that indicated
in (a), showing shallow deformation of the outermost surface of the Al2O3 coating.
c) EFTEM maps for Al and O indicate that the ridges consist of Al2O3.

Figure 43. SEM images of the rake faces on standard rough (a) and polished (b)
Al2O3 coated inserts after 5 s of turning in austenitic stainless steel. Magnifications
of the high temperature areas (approximate location indicated in a and b) of a
standard rough insert after 1 s (c) and 5 s of turning (d) respectively, to be compared
with a polished insert after 1 s of turning (e).

Influence of coating material
Lower amount of transferred material was seen on the Al2O3 coated inserts
than on the TiN coated inserts. This was valid for both the austenitic
stainless steel and the carbon steel. Accumulation of non-metallic inclusions
from the austenitic stainless steel was found in the high temperature area of
both types of coatings, although more pronounced on the TiN coating. The
pits seen near the cutting edge on the polished TiN coating after 5 s of
turning in the austenitic stainless steel, cf. figure 40d, were not seen on
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Al2O3 coated inserts. Overall, the adhesive forces between the chip material
and the tool rake face appeared to be higher for the TiN coated inserts than
for the Al2O3 coated inserts. However, the deformation in the Al2O3 surface
in the high temperature area, possibly involving minute wear of the coating,
would effectively hinder large quantities of transferred material to be found
in this area after cutting.
Main conclusions
The tool surface roughness had a profound influence on the amount of
adhered material on the tool rake face after the tool had been disengaged, as
the material tended to stick to surface irregularities. However, after only 5 s
of turning, the standard rough and the polished Al2O3 coatings showed
strong similarities in the area experiencing the highest temperatures. Besides
the adherence of steel fragments, and the accumulation of non-metallic
inclusions from the steels on the tool surfaces, there were indications of
preferential adherence of Cr and V from the austenitic stainless steel to the
TiN coating. TiN generally showed a higher degree of adhered work
material than Al2O3 did. Furthermore, only the polished TiN gave apparent
evidence of adhesive wear.
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7.4 Residual stress at the cutting edge
7.4.1 Assessing the hardness and residual stress at the very
cutting edge of TiAlN coated cutting inserts
(Paper VII)
The cutting edge constitutes a critical part in most metal cutting applications,
as evident for most of the examined hobs in section 7.2.1. Measurements of
the prevailing residual stress state at the very cutting edge are complicated
due to the curvature and the very limited area of interest, which is in the
order of micrometers. In this work, the methodology proposed by André [52]
and described in section 7.1.4, was applied to investigate the properties of a
commercial arc evaporated PVD TiAlN coating deposited on cutting inserts.
The residual stress state was evaluated both on the flat clearance face and on
the very cutting edge of the insert. It was shown how the properties differ in
the two regions, regarding both stress state and hardness. Two different edge
geometries were used to show the influence of cutting edge radius. Finite
element simulations of the residual stress state around the cutting edge were
conducted to complement the experimental results.
Simulation of stresses around the cutting edge
The local stress distribution around the cutting edge in a residually stressed
coating was analysed using finite element calculations. The characteristic
residual stress σ* was imposed as a thermal strain to obtain a compressive
stress equal to 1.7 GPa on the flat surfaces, far away from the cutting edge of
the insert model seen in figure 44. The stress analysis revealed that the
curvature of the cutting edge induces a drop in compressive stress in the
coating, which is seen as an increase in stress σt tangential to the interface,
from negative to less negative, as shown in figure 45a. The curvature also
induces a tensile stress σn normal to the coating interface, in the coating
around the cutting edge, which also is shown figure 45a. Both σt and σn
varies through the thickness of the coating in this area. σt has its highest
negative value at the interface and increases towards the surface of the
coating. While σn has its maximum at the interface and decreases and
reaches zero at the coating surface. The drop in compressive stress Δσt, i.e.
the difference between maximum σt at the edge and σt far away from the
edge, as well as the induced tensile stress Δσn normal to the interface,
increases when the cutting edge radius decreases, see figure 45b.
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Figure 44. Model of the cutting insert describing the parameters put in to the finite
element calculations, together with the definitions of σn and σt.
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Figure 45. a) Calculated values of σn and σt around an edge with radius R= 15 µm,
close to the interface and the surface of a coating with thickness h = 3µm. b) The
drop in compressive stress Δσt and the magnitude of the induced tensile stress
normal to the interface Δσn as a function of the ratio between coating thickness and
edge radius.

Measured hardness and residual stress
Stress free pillars were made on a flat surface of a cutting insert, which was
known to contain a residual compressive stress of 1.7 GPa, and on two
different cutting edges of radii R = 15 µm and R = 35 µm. The hardness
values of both the as deposited coating and of pillars, in each of the three
areas, are presented in Table 6. The obtained ΔH, between the original
coating and the pillars, on the cutting edges were smaller than the ΔH value
obtained on the flat coating surface. This suggests that the compressive
stress is lower around the edges than on the flat surfaces, which is supported
by the numerical analysis, cf. figure 45a. The numerical models also
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indicated that the drop in compressive stress should increase with a
decreasing cutting edge radius, if a constant coating thickness is assumed,
see figure 45b. Also in this sense the experimental results are in accordance
with analytical results, i.e. the ΔH obtained on the sharper cutting edge was
smaller than the corresponding value on the blunter edge. By applying the
relationship ΔH≈1.5σ* obtained on the flat surface, the experimentally
obtained values of σt on the cutting edges would be around -1 GPa and
-1.5 GPa for edge radius R=15 µm and R=35 µm respectively. Considering
the quite large standard deviations associated to each ΔH value, the values of
the calculated σt should, however, be treated as indicative rather than
absolute.
Table 6. Differences in measured hardness between original surface and pillars.
Test area

Position of indents Hardness [GPa]

TiAlN - flat surface
σ* ≈ -1.7 GPa

As deposited

29.6 ± 1.6

Pillars

27.0 ± 1.3

TiAlN - blunt edge
R = 35 µm

As deposited

29.1 ± 3.1

Pillars

26.9 ± 3.1

TiAlN - sharp edge
R = 15 µm

As deposited

19.2 ± 1.4

Pillars

17.5 ± 1.0

ΔH [GPa]

2.6 ± 0.4

2.3 ± 1.3

1.6 ± 0.5

Main conclusions
It is possible to evaluate the residual stress at the very cutting edge using the
method of stress relieved pillars. It was found that the residual compressive
stress, given to a coating on a cutting tool, can locally become significantly
reduced by elastic relaxation at the very cutting edge. The locally reduced
residual stress is accompanied by a locally reduced hardness and a lower
effective cohesion of the coating. This can in turn affect the toughness and
the wear resistance of the coating. The reduction in compressive stress
increases when the cutting edge radius decreases, when assuming constant
coating thickness.
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8 Conclusions

The vision of this thesis is to improve the cutting process, with emphasis on
the cutting tool, to enable stable and economic industrial production while
using expensive tools such as hobs. The need for increased productivity and
the more advanced work materials of the future, with higher strength and
cleanness, will continue to put ever higher demands on tools. As a
consequence, the risk for tool failure will increase since the load on each
individual tooth on the milling tool will increase. Improving tool life and
tool reliability is thus essential if future tougher goals in productivity should
be reached in gear cutting.
From the work presented in this thesis, the following conclusions can be
made that motivate, and contribute to, the implementation, and development,
of tribologically designed cutting tools:
• To obtain more reliable gear hobbing tools, it is crucial to have good
control of the largest defects present in the coated tool system, as these
often initiate and control the wear. Important issues that have to be
addressed are an improved substrate surface preparation, an improved
matching between the cutting edge geometry and the residual stress
level, and a controlled and minimized defect density, in the coating.
• The geometry of the cutting edge should be optimized with the
residual stress state in the coating, in mind. Too high compressive
residual stress can provoke spontaneous flaking at the very cutting
edge, which was frequently seen on the industrial hobs studied in this
work. The residual compressive stress, generally given to a coating to
enhance its cohesion, can locally become significantly reduced by
elastic relaxation at the very cutting edge. This could further affect the
toughness and the wear resistance of the coating in that particular area.
• The intermittent sliding contact test presented in this thesis, is of high
relevance for studying the interaction between tool rake face and work
material in milling. It was shown to accurately imitate the material
transfer. This enables simplified, and cost effective, screening tests of
tool and work materials, which contributes significantly to the vision
of future tribological tool design.
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• Material transfer commences already after very short contact times.
The nature of the transfer may differ in different areas on the tool. It
may include glassy layers, with accumulations of specific elements
from the workpiece, and transfer of steel in more or less oxidized
form. Both tool coating material, surface roughness, and the relative
speed between tool surface and workpiece material may influence the
extent to which the different transfer will occur.
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9 Sammanfattning på svenska (Summary in
Swedish)

Skäreggens tribologi
En studie av materialöverföring och skademekanismer i
skärande bearbetning av metaller
Tribologi – läran om interagerande ytor i relativ rörelse! Tribologi är något
som vi alla stöter på och tar ställning till i vår vardag. I Sverige använder vi
vinterdäck på våra bilar för att undvika att halka av isiga vägar. Vi preparerar våra skidor för att glida bättre mot snön. Vi skor våra hästar för att minska slitaget på deras hovar. Exemplen är många och kontentan är att vi på
olika sätt försöker styra den friktion och nötning som uppstår när två ytor rör
sig relativt varandra.
Tribologin runt skärande bearbetning av metaller karakteriseras av
extrema förhållanden. Höga tryck, temperaturer och deformationshastigheter
är involverade när en skäregg tränger in i materialet som bearbetas och en
spåna bildas, se figur 46a. Skäreggen utsätts för höga mekaniska
påfrestningar när den jobbar sig genom materialet. Friktionskrafter uppstår
som drar och vill spräcka upp ytan på verktyget då spånan pressas fram över
verktygsytan. De höga temperaturerna triggar också kemiska reaktioner som
inte skulle ske vid rumstemperatur. Att ett skärverktyg nöts under dessa
premisser är nästintill oundvikligt. Målet med den här avhandlingen är att
öka förståelsen för de tribologiska mekanismer som sker vid en skäregg och
att beskriva hur de påverkas av olika parametrar. Visionen är att genom
tribologisk verktygsdesign kunna styra friktion och nötning för att uppnå en
stabil och ekonomisk industriell produktion med dyra och komplexa verktyg
som t.ex. snäckfräsar.
Snäckfräsen är ett komplicerat verktyg som är centralt för den idag
dominerande metoden för tillverkning av cylindriska kugghjul som visas i
figur 46b. Den vanligaste typen av snäckfräsar består av en homogen
snabbstålskropp belagd med en tunn nötningsbeständig keramisk beläggning
deponerad med vakuumförångning. För att kunna utnyttja varje verktyg på
ett ekonomiskt fördelaktigt sätt måste verktygsförslitningen vara mild och
framförallt förutsägbar. Bara då kan både en hög kvalitet på de producerade
kugghjulen och en god produktionsekonomi hållas. Dagens snäckfräsar
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tenderar dock att uppvisa kraftiga variationer i nötning och nötningshastighet
vilket markant ökar riskerna för verktygshaveri, med kassering av både
verktyg och producerade kugghjul som följd. Då det tidigare inte har funnits
en samlad bild av vilka skademekanismer som förekommer inom svensk
kuggproduktion, presenterar den här avhandlingen en omfattande
kartläggning av de vanligaste verktygsrelaterade problemen inom
kuggfräsning i Sverige. Snäckfräsar tagna ur industriell produktion, i olika
stadier av förslitning, visade att vissa verktygsparametrar är speciellt viktiga
att optimera för att nå ett stabilt och förutsägbart förslitningsförlopp. Framför
allt måste verktyget ges en tillräcklig ytfinhet, innan och efter beläggning.
Dessutom kan olika beläggningsprocesser ge varierande mängd defekter och
nivåer av inre spänning i beläggningen. Alla dessa parametrar visar sig ha
stor inverkan på beläggningens möjligheter att fungera på verktyget.
På snabbstålsverktyg får beläggningen, i de flesta fall, restspänningar i
form av tryckspänningar. Idealt så kan en sådan tryckspänning bidra till att
hålla ihop beläggningen och öka beläggningens nötningsmotstånd.
Avhandlingen visar emellertid hur alltför höga restspänningar runt en
skäregg kan leda till problem. Numeriska beräkningar, tillsammans med en
metod för att på mikroskala mäta spänningar i beläggningar, har använts för
att studera hur en tryckspänning i en beläggning interagerar med skäreggens
geometri. Flera av de snäckfräsar som studerats uppvisar avflagning av
beläggningen runt skäreggarna redan innan de har tagits i bruk vilket
påtagligt visar effekten av spänningarna. Även under användning visade det
sig att nötningen av själva skäreggen var kritisk för den totala förslitningen
av fräsverktyget.
flödes
riktning

Skärverktyg
beläggning

Spåna
skäregg
matning

skärhastighet

a

Arbetsstycke

b

Figur 46. Schematiska bilder av ett skärverktyg som bearbetar ett arbetsstycke (a)
och avrullningsfräsning av ett kugghjul där snäckfräsen syns till vänster och det
bearbetade kugghjulet till höger (b).
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Under fräsning karakteriseras kontakten mellan spånan och verktyget av
höga kontakttryck och höga friktionskrafter med höga temperaturer som
följd. Interaktionen mellan verktygsytan och spånan är den centrala delen i
avhandlingen eftersom den ofta har stor betydelse för verktygsförslitningen.
Ibland leder interaktionen till direkta skador som att en krater bildas på
spånsidan av frästanden och ibland till att material överförs från spånan till
verktygsytan vilket senare kan ge sekundära skador. Om materialöverföringen till skäreggen sker i tillräcklig mängd kan en så kallad lösegg
bildas. Den gör att skärgeometrin förändras och risken är överhängande att
delar av verktyget följer med då löseggen till slut når en kritisk storlek och
slits bort med spånan. Både skärförloppet och verktygsförslitningen blir då
slumpartade och okontrollerbara. En annan typ av materialöverföring som är
vanlig då man bearbetar stål torrt, dvs. utan skärvätskor, är bildandet av
oxiderade skikt på verktygsytan. Dessa består av anrikningar av specifika
element, eller icke-metalliska inneslutningar, från stålet. I kontrast till en
lösegg kan den här typen av tunna skikt vara positiva genom att sänka
friktionskrafterna och skydda verktyget från olika typer av förslitningsmekanismer.
I avhandlingen utvecklades och användes ett förenklat test för att i detalj
studera materialöverföringen från stålspånan till verktygsytan under
välkontrollerade former och kontaktförhållanden. Genom att använda sig av
förenklade tester av den här typen är det möjligt att på ett enkelt sätt
utvärdera kombinationer av verktygs- och arbetsmaterial. Det visade sig att
typen av materialöverföring till stor del bestäms av lokalt rådande tryck och
temperaturförhållanden, verktygstopografi och den relativa hastigheten
mellan arbetsmaterial och verktygsyta. Valet av verktygsbeläggning inverkar
också, genom att påverka mängden materialöverföring och den erhållna
verktygsförslitningen.
Sammanfattningsvis visar avhandlingen upp den tribologiska situationen
för en skäregg i all sin komplexitet. Den illustrerar vad som händer, förklarar
orsakerna som ligger bakom samt erbjuder ledtrådar till hur man kan
undvika verktygsrelaterade produktionsproblem i industriella sammanhang.
Sådan kunskap är direkt avgörande för att förstå hur prestandan hos framtida
skäreggar bör optimeras för framgångsrik bearbetning av utmanande
material, dvs. för att möjliggöra tribologisk verktygsdesign i dess sanna
bemärkelse.
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