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1 Introduction

1.1 Aim of the thesis
Adhesion, galling and related problems are well known in metal forming
operations such as cutting, punching, pressing, drawing, rolling, bending,
stretching etc. Almost all research performed up till now has been experimental, and there is a fairly good understanding of when and how galling
may occur. However, there is a lack in the understanding of the detailed
physical and chemical mechanisms that occur in the tool/work interface at
the onset of adhesion and galling. This thesis aims to elucidate these phenomena through dedicated sliding tests, high-resolution electron microscopy
and chemical analysis, and ab initio atomic calculations. Examples of questions addressed are: Which materials are prone to galling and why? How
important is the surface roughness of the tool? What can be done to the tool
material to prevent galling?

1.2 The tribological problem
1.2.1 Tribology in general and why to study it
The word tribology derives from the Greek words tribos, meaning “to rub”,
and logos, meaning “principle or logic”. Today tribology means the study of
friction, wear and lubrication. Friction and wear problems cost the society a
huge amount of money each year [1-3]. If, for example, the friction inside
the engine and transmission in a car can be reduced then the amount of fuel
needed will of course be decreased. This leads to lower costs for the car user
and also less pollution to the atmosphere, which is a huge issue in these days
when the environmental problems are so highlighted. Tribology can also
decrease the manufacturing costs of the car itself by making better and more
wear resistant materials for the tools. If the tools do not wear down and
break as quickly, then the car can be manufactured at a lower cost. Lubricants are often important to use to achieve an acceptable level of friction.
Many lubricants, though, are hazardous to the environment and therefore the
trend today is to develop surfaces, which give a low level of friction without
the use of lubricants.
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One of the first to study friction was probably Leonardo da Vinci who
found that two objects of the same material and the same weight but with
different nominal areas of contact experienced the same frictional resistance
when sliding against a surface. He also found that if the weight of the object
was doubled then the frictional resistance (friction force) was also doubled
[4]. In fact, though he did not state it this way, by these experiments he formulated two fundamental relations for the friction coefficient  = friction
force/normal load:
x  is independent of nominal contact area
x  is independent of load
Friction force and friction coefficient are central parameters throughout this
thesis.

1.2.2 Adhesion, material transfer and galling
When two surfaces slide against each other in a tribological contact there is
often a risk of excessive wear, adhesion and material transfer between the
mating surfaces. Adhesive wear in sliding contacts is a process where the
contact surfaces adhere to each other so strongly that wear occurs by shear in
one or both of the surfaces. A consequence of this shear may be generation
of wear particles or a transfer of material from one surface to the other. Adhesive wear is common for heavily loaded metallic contacts. The critical
tribological parameters to reach this phenomenon in metallic contacts are
often illustrated in different types of wear maps [5]. The risk of adhesion and
metal transfer increases with contact pressure P and sliding speed v or combinations of these as illustrated in the wear map of Fig. 1.

Figure 1. Typical appearance of a wear map. Wear and friction are given vs. contact
pressure P, and sliding speed v. Note the logarithmic scale of the wear axis.
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This thesis addresses the well-known problem of adhesion and transfer of
work material to the tool in metal forming. Metal forming operations such as
punching, stamping, pressing, bending, extrusion, rolling, etc., usually involves large scale plastic deformation of the work material and relative sliding between the tool and work material under high contact pressures [6].
When a tool material slides against a work material the softer work material may adhere to the tool material, see Fig. 2. During adhesion and subsequent transfer the work material may experience work hardening to become
harder than the work piece that it originated from [7]. In addition, oxide particles may be intermixed into the adhered material, which may further
harden the adhered material through particle strengthening. Patches of adhered hard material increase the surface roughness of the tool and when subsequent work pieces are to be formed the adhered material may indent or
scratch the surface and thereby worsen the surface finish of the product, cp.
Fig. 3. In tooling, this problem is usually referred to as galling [8, 9]. An
increase in friction force in forming operations is usually indicative of galling. The reason is that the adhered hard patches and local cold-welding between work and tool materials will obstruct the relative sliding.

a)

b)

c)

Figure 2. Illustration of the galling phenomenon. a) A work piece and tool slide
against each other under a normal load. b) At contacting asperities work material
adheres to the tool. c) In the proceeded forming operation adhered material may
form scratches on the surface of the work material.
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Figure 3. Example of scratches induced in a stainless steel strip during bending and
stretching. Note the ploughing lump that emanates from the stainless steel strip and
was for a while adhered to the tool surface. Because of work hardening during formation, it was able to abrade the strip surface. Eventually, it was detached from the
tool surface and ended up in front of the groove.

From experience and numerous experiments in tooling, it is well known that
the galling tendency increases with the following parameters:
x
x
x
x

Increasing relative sliding velocity.
Increasing contact pressure.
Increasing surface roughness.
Decreased presence of oxides, lubricants and other constituents separating
the contact surfaces.

Therefore the following can be done to reduce the risk of galling:
x
x
x
x
x
x
x

Minimise relative sliding.
Reduce contact pressure.
Polish the tool.
Apply a ceramic coating to the tool.
Use lubricants.
Texture the tool surface for more efficient lubrication.
In sheet forming, texture the work material surface for more efficient
lubrication.

Influence from several of these parameters is studied in this thesis.
In this thesis, and in the literature in general, the words “adhesion” and “galling” are often used synonymously. On the other hand, adhesion and subsequent material transfer is a prerequisite for galling. Thus, galling can only
occur if the tool is being used in multiple forming operations. However, in
most tests presented in this thesis the tool material is only forced to make
10

one single contact with the work material and the work material damaging
phase of galling never occurs. If adhesion and material transfer occur during
this single stroke test then it is a common experience that galling will occur
during subsequent contacts, and the words “galling” and “adhesion” can
actually be used without distinction.

1.2.3 Metal forming
Metal forming is generally divided in the three categories casting (melting)
cutting (shaping by material removal) and plastic forming (no or little material loss). The experiments and findings of this thesis are primarily applicable to plastic forming, from now on just referred to as forming. Since many
metals (and polymers) can experience substantial plastic deformation before
fracture, especially in a heated stage, they are also susceptible to be formed
by plastic deformation [10]. Industrial forming is a very cost effective means
to shape and produce large numbers of identical components, typically 1000
– 5 000 000. Some common examples are given below.
x Stamping is a very old technique to produce coins.
x Simple tools in the form of cutting edges or punches work against dies to
cut items from metal sheets, such as blanks for cutlery.
x Extrusion dies are used to produce beams, tubes, bands, wires and other
elongated structures of alloys usually based on Al and Cu.
x Forming tools are used for compaction of powder for sinter-metals, powder steel, cemented carbide and ceramics.
x Dies are used to draw tubes and wires.
x Punch and die pairs are used to produce aluminium cans from disc-shaped
blanks by deep drawing.
x Forming tools are used to shape all sheet components in the chassis of
automotive vehicles, and many of the hidden beams, levers, tubes, wires,
etc., for instance inside the doors.
x Sheet forming is also the technique for producing appliances for household such as sinks, refrigerators, freezers, mixers, etc. Most of these are
made of stainless steel.
Some of the most common forming tools are found in sheet forming. Among
these tools we will also find the largest, most complex and expensive forming tools. Very expensive tools are for instance used in car manufacturing for
the shaping of chassis. The external surface of car chassis must be very resistive against scratches and indents, meaning that any tendency to galling has
to be avoided. This is one of the reasons why this thesis focuses on the problems of galling in sheet forming. On the other hand, the results from this
work are applicable to a variety of forming and cutting tools as well as to
many other types of sliding tribological components.
11

1.2.4 Materials difficult to form
There are several common materials that by experience are very difficult to
form, for instance austenitic stainless steels and alloys of aluminium, titanium and copper. In common for all these materials is that they are relatively
soft and ductile. This thesis focuses mainly on stainless steel, but aluminium
and titanium alloys have also been studied.
Stainless steel
By definition, stainless steels have very good resistance against corrosion. If
a sufficient amount of chromium is added to steel alloys a chromium oxide
will form on the surface. This chromium oxide is very tough and tight and
will protect the underlying steel from further oxidation. If the oxide is removed it will re-form automatically, thereby keeping the material
“stainless”. Steel is considered stainless if it contains at least 10.5 wt. % Cr.
At about this composition and higher, a corrosion protecting Cr oxide will
form [11, 12].
Stainless steel has lots of commercial applications. For example, it is used
in house hold appliances, kitchen sinks, cutlery, watches, wash machines,
automotive components, medical and chemical apparatus, as surface material
in skyscrapers, etc.
There are four major groups of stainless steels [13].
x Austenitic stainless steels (fcc crystal structure, non-magnetic Jphase)
form the biggest group. They are alloyed with fcc-stabilizing elements
such as nickel, molybdenum and manganese. The most common composition (wt. %) is 18 Cr and 8-10 Ni.
x In comparison with the austenitic steels, the ferritic steels (bcc structure,
magnetic D phase) have about the same Cr content but much smaller
amounts of Ni. They may also be alloyed with Mo, Al and Ti in small
amounts. They are also known to be easier to machine than the austenitic
stainless steels.
x Martensitic stainless steels can be given a higher mechanical strength
than the austenitic through martensitic hardening. However, though the
martensitic stainless steels are tougher and stronger than the other types,
they are less corrosion resistant.
x The last category of stainless steels is represented by the duplex steels.
These steels are alloyed to have a structure of approximately 50 % austenite and 50 % ferrite.
In this thesis only austenitic and duplex stainless steels have been studied.
The microstructure of these two steels as obtained by polishing and etching
is seen in Fig. 4. Their chemical compositions (wt. %) are 0.02 C, 18.5 Cr
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and 9.5 Ni for the austenitic steel and 0.03 C, 0.22 N, 21.8 Cr, 1.5 Ni, 0.3
Mo, and 5.0 Mn for the duplex steel.

a)

b)

Figure 4. a) Typical microstructure of austenitic stainless steel (304L) b) Typical
microstructure of duplex stainless steel (LDX 2101). The bright areas are austenite
and the darker areas are ferrite.

Aluminium
Aluminium is, after iron, the most commonly used metal in the world. Aluminium and its alloys have several good properties such as low density
(2,7 g/cm3), good corrosion resistance and high thermal and electrical conductivity. In addition, due to its relatively low hardness and high ductility, it
is easy to form by plastic deformation. Especially extrusion is a cost effective operation for manufacturing of beams, tubes, rods, wires and other long
products of aluminium. Aluminium is, for example, used in foils for heat
exchangers and coolers, bridges and roof constructions for buildings, light
components in aviation and automotive vehicles, thin foils for packaging,
etc. The properties and strength of Al materials can be tailored within a wide
range by alloying. Increased strength is primarily obtained by solid solution
and precipitation hardening with Cu, Mg, Mn, Si, and other elements [14].
In this thesis an Al alloy with 1.0 wt. % Mg and 0.6 wt. % Si and
0.6 wt. % Pb is included. It is commonly used in constructions were high
strength is needed and it is known as having good machinability.
Titanium
Titanium and its alloys are known to combine a relatively low density
(4.5 g/cm3), high mechanical strength (comparable to low alloyed steel) and
very good corrosion resistance. However, Ti materials are quite expensive.
The Ti material used in this thesis is Ti6Al4V (6wt. % Al and 4 wt. % V). It
is the most common titanium alloy and has a two-phase structure [15].
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1.2.5 Tool steels
Tools aimed for cutting and forming are usually made from alloyed steel or
cemented carbide [16]. Among the alloyed steels the following types can be
distinguished. (There are indeed many other ways to classify tool steels
[13]).
x
x
x

Low alloyed tool steel
Alloyed tool steel
High speed steel (HSS)

The first category contains carbon steels with relatively low content of alloying elements such as C, Si, Mn, Mo and Cr. They display a good combination of hardness, toughness and thermal resistance, and can be machined in
hardened condition. Their moderate content of alloying elements also makes
them possible for nitriding or coating.
Further increase in volume of alloying elements will improve the wear
and thermal resistance. A distinction among these steels is usually made
between those aimed for cold working and for hot working. Cold work tool
steels are optimised for cutting, bending, sheet forming, blanking and other
“cold” operations, where as hot work tool steels are optimised for thermal
resistance and resistance against thermo-mechanical fatigue. Hot work tool
steels are typically used in dies for extrusion, forging and die-casting.
The principle alloying elements (in wt. %) in cold work tool steel are
0.4-2.4 C, 5-12 Cr, 0.5-5 Mo and 0.1-10 V. Hot work tool steels contain
lower amounts of the same alloying elements, and are optimised towards
relatively small amounts and sizes of their strengthening inclusions, which
promote toughness and fatigue resistance.
HSS materials, finally, are alloyed to give a combination of high thermal
and wear resistance. In additions to the elements of cold work tool steels,
they usually contain W and Co. Typical compositions of HSS are in the
ranges (wt. %) 0.75-1.1 C, 3-5 Cr, 5-10 Mo, 1-10 W, 1-2 V and 0-10 Co.
The conventional method to manufacture tool steels is based on smelt
metallurgy. However, if a homogeneous material with a fine-grained structure is desired, it can be produced by powder technology or spray forming.
Before use, tool steels are quenched and tempered to desired hardness levels
[13].
Two conventional, two powder-metallurgical forming tool steels and two
powder-metallurgical high-speed steels have been involved in this thesis.
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1.2.6 Coatings applied to forming tools
Today it is very common to coat tribological components and tools for cutting and forming with thin ceramic coatings. Despite the fact that the thickness of these coatings is in the order of m, their high hardness, strength and
ability to generate low friction can greatly improve the wear resistance, friction level and also corrosion resistance. A common means to treat forming
tools is by nitriding [17, 18]. However, thin coatings applied by Physical
Vapour Deposition (PVD) are assumed to be superior to nitriding. PVD
processes also allow greater freedom in the selection of material, much more
independent of the base material than when using nitriding [19]. During
deposition of a PVD coating, a material (often a metal) is evaporated in an
evacuated chamber and condenses at the surfaces of the component to be
coated. Sometimes a reactive gas is introduced to allow for chemical reactions with the evaporated species. Inert argon is also let into the chamber to
form a plasma that enhances the reactivity of the other elements. When the
gas atoms, or reacted compounds, finally hit the substrate (i.e. the component surface) they will condense and form a ceramic coating.
Two methods of evaporation have been used in this work, electron beam
(e-beam) evaporation and sputtering. In e-beam evaporation an electron
beam heats the source material, placed in a crucible, until it begins evaporating. Usually this requires melting but sometimes sublimation is enough for
achieving a proper vapor pressure. The other evaporation method used is
sputtering. This method requires a plasma in the chamber and the material
that is to be evaporated is in solid form and called sputter target. A negative
potential is applied to the target and positively charged argon ions will be
accelerated towards the target surface. The kinetic energy of the argon ions
is high enough for atoms in the target surface to be evaporated by being
knocked out. The effectiveness of the process is enhanced by using a magnetron sputtering source where a magnetic field is used to enhance the ionisation of argon close to the target surface [19].
The coatings made in this thesis are titanium nitride (TiN) and vanadium
nitride (VN). TiN has a characteristic golden colour and is one of the most
used coatings in the world [20]. Its high hardness makes it very useful to
increase the lifetime of cutting tools in particular. In contrast, VN is grey in
colour and commercially very seldom used alone but more often in multilayers together with other nitrides [21]. At an early stage of this work VN and
TiN were shown to have very different galling properties against steel, in the
favour of the former. VN is thus a very interesting candidate because of its
close relationship to TiN, structure wise, but with a different surface chemistry.
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1.2.7 Lubrication in forming operations
In many forming operations a lubricant is used to decrease the risk of galling
[22]. In some special forming operations, for instance involving sheet or tube
forming of austenitic stainless steel, these lubricants still have to be in the
form of chlorinated oils, which are hazardous to the environment [23, 24].
These lubricants are forbidden due to legislation, but permission to use them
in critical situations can still be given in Sweden. It is highly desirable to get
rid of these lubricants in all forming operations. However, all intensive studies to find competitive candidates to replace the Cl-containing additives have
so far been relatively fruitless [25].
To provoke adhesion and metal transfer all tests made in this thesis have
been performed under dry conditions. The main reason is that the primary
aim has been to investigate the influence of tool surface topography and tool
surface material rather than the lubricating agent. Another reason is to emphasise adhesion and transfer of work material to the tool surface in order to
study the mechanisms behind these phenomena.

1.3 Test methods used in this work
1.3.1 Tribological testing
There are many laboratory test methods used to simulate metal forming [25].
Two types have been applied in this work. The load scanner has been used in
the adhesion and galling investigations in all papers. The slider-on-flatsurface tester was applied in Paper I on evaluation of forming tool materials.
The load scanner
A test equipment named the load scanner was developed at the Tribomaterials Group at Uppsala University in the late 1990’s [26, 27]. It was originally
aimed for simulating the critical tribological contact of gate valves used in
nuclear power plants. The objective was to find new materials suitable for
these gate valves.
In the load scanner two crossed cylinders slide against each other under
an increasing load, see Fig. 5. When the lower specimen moves to the left in
the picture the loading spring (Fig. 5b) will gradually become more
stretched, resulting in a gradually increasing test load.
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a)

b)

Figure 5. a). Geometry of the crossed cylinders used in the load scanner. b) Schematics of the load scanner. The lower specimen moves to the left, stretching the
spring, which pulls the lever down giving an increasing normal load.

The test cylinders have a length of 100 mm and a diameter of 10 mm and
perform a relative sliding against each other as shown in Fig. 6. Due to this
geometry and movement, each point in the 90 mm resulting sliding track will
experience a unique load. The situation is the same for both test cylinders.
The sliding distance in each point along the wear track is of the order of the
width of the resulting sliding track, typically 1-2 mm. The fact that each
point along the rods only experience one load means that one single test can
give results of the friction properties in a wide range of loads. A semicircular contact area between the mating rods is indicated in Fig. 6b. This is
only true for the situation of a rigid rod (here the upper rod representing the
tool) in contact with a plastically deforming rod (the work material). More
details on the contact situation between tool and work material are presented
in Paper I and II.

a)

b)

Figure 6. a) Principle of increased load and monitored friction as the upper test rod
slides to the right in the figure. b) Detailed sketch of the moving rod, contact geometry and resulting wear tracks.
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The slider-on-flat-surface (SOFS)
In the SOFS test a disc shaped specimen (thickness 10 mm, diameter 50 mm,
edge radius 5 mm), representing a tool, is forced to slide on a flat specimen,
representing the work material [23], see Fig. 7.

a)

b)

Figure 7. a) Overview of the SOFS test equipment. A disc representing the tool is
slid to form parallel tracks in the flat surface representing work material. b) Illustration of how the disc slides on the flat surface.

In the SOFS the sliding distance for the work material (the disc) is equal to
the length of the sliding track, while the sliding distance for each point on
the flat surface is equal to the longer diameter of the elliptical contact area of
the disc.

1.3.2 Analytical techniques
Several analytical techniques have been used to evaluate the tested surfaces.
The most advanced are described below. For more comprehensive descriptions, see [28-32].
FIB/TEM
To really understand what is happening at the interface of tool material and
adhered material it is necessary to use high-resolution electron microscopy.
In this work a Focused Ion Beam (FIB) equipment has been used to prepare
samples to be studied by Transmission Electron Microscopy (TEM).
The FIB is basically a Scanning Electron Microscope (SEM) equipped
with an ion source and electromagnetic lenses to form a controlled ion beam.
The ion beam can be used for imaging, deposition of materials and for cutting of materials.
To prepare a TEM-sample an area of interest is first selected, for example
an area on the tool steel sample where work material has adhered. Using the
ion beam, this area is then covered with a layer of platinum to protect the
18

original surface from damage during subsequent ion milling. Thereafter the
ion beam is used to cut out a thin section that includes the interface between
tool material and adhered material. This section is then lifted out and placed
on a TEM-grid where it is further thinned to electron transparency. Illustrative images of the FIB/TEM technique are given in Paper V.
This thin sample (100 nm or thinner) can then be analyzed in the TEM
where high-energy electrons (200 keV) are used for imaging and quantification of elements. Analytical techniques used in the TEM are Energy Dispersive X-ray Spectroscopy (EDS), Electron Energy-Loss Spectroscopy (EELS)
and Energy Filtered TEM (EFTEM).
EELS utilises the fact that electrons passing through a material lose energy in the form of quanta, characteristic for the elements present. Mechanisms for energy loss are for example phonon and plasmon excitations,
Cherenkov radiation and inner shell ionisations. The inner shell ionisation
will give energy losses specific for each element, and therefore different
elements will be revealed by generating different EELS spectra. The other
events contributing to energy loss of the primary electrons will contribute to
a background signal in the EELS spectrum.
EFTEM is a technique related to EELS where images are taken using different energies of the transmitted electrons. One image is taken using the
energy, which corresponds to the kinetic energy an electron has which has
passed through a certain element. Another image is taken using an energy
which is very close to the first energy used. The first image is then divided
by the second, to remove the background signal, leading to an image were
only the electrons, which has the kinetic energy equal to the energy used in
the first image, is visible. Thus, elemental maps can be made using this technique.
ESCA
Electron Spectroscopy for Chemical Analysis (ESCA), also often referred to
as X-ray Photoelectron Spectroscopy (XPS), utilises the photoelectron effect
first discovered by Albert Einstein.
The sample to be analysed is subject to incoming X-rays of a certain energy, h. X-ray photons may cause the emission of an electron from an atom
in the sample. The kinetic energy, EK, of this photoelectron is measured. The
difference between the incoming X-ray energy and the kinetic energy of the
photoelectron is equivalent to its binding energy, EB, in the atom. The spectrometer used in the electron energy detection has a potential wall, called the
spectrometer work function, S. Therefore, the formula for the binding energy is:
EB = h - EK - S
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Due to their relatively low energy, photoelectrons are very strongly absorbed
inside materials. Therefore only those photoelectrons emitted very close to
the surface (3-10 nm) will be ejected. This means that ESCA is a very surface sensitive technique well suited for analysing very thin films.
Atoms that are part of a chemical compound will have their electrons
bonded to them with a slightly different energy compared to the corresponding electrons of single atoms. These energy differences are named chemical
shifts, and can be revealed by the ESCA technique. Therefore, ESCA spectra
will give both elemental and chemical information.
ESCA instruments are often equipped with ion guns, which are operated
with argon ions. These argon ions are used to sputter clean the specimen
surface from adsorbed molecules of for instance water vapour and hydrocarbons, but also for making sputter depth profiles of the composition of the
surface layer. Unfortunately, the primary X-ray photon beam can not be
focused as easily as an electron beam. Therefore, the lateral resolution in
ESCA is  10 m, which can be compared to  1 m for EDS in SEM and 
10 nm for EDS and EELS in TEM.
GD-OES
Glow Discharge Optical Emission Spectroscopy (GD-OES) is a method for
elemental depth profiling. The sample to be analysed is used as cathode in a
tube filled with a certain gas. A voltage is applied between anode and cathode to initiate a flow of electrons from the cathode in the direction of the
anode. This flow of electrons will lead to electrical breakdown of the gas and
a plasma is formed. Ions and fast neutral species from the plasma will bombard the cathode leading to cathodic sputtering. These atoms and ions sputtered away from the cathode may be excited by the plasma and will therefore
send out photons with characteristic wavelengths. These wavelengths are
analysed by an optical spectrometer and the elements in the cathode (sample)
can be identified. High sensitivity and depth resolution are the merits of GDOES. However, the smallest area to be analysed is about 5 mm in diameter.
X-Ray Diffraction (XRD)
X-rays have very short wavelengths and will therefore scatter when they
interact with a crystalline sample. If the wavelength of the incoming X-ray is
, the spacing between atomic planes in the sample is d, the scattering angle
is  and the order of the reflection is n, then constructive interference will
occur, according to Bragg’s law, if:
n = 2d sin 
If intensities are recorded by a detector at a range of angles , then peaks will
occur at certain angles were constructive interference occurs and the distances between the corresponding atomic planes in the sample can be calcu20

lated. These values are then compared to tabulated values to determine
which phases are present in the analysed sample.

1.3.3 Theoretical calculations
Ab initio electron Density Functional Theory (DFT) calculations have been
used to determine the ability of two different materials to adhere to each
other. Ab initio means that the calculations are based on parameter-free first
principles theory, i.e. established physical laws are used to determine how
the atoms interact with each other.
Very briefly, DFT is a theory that uses Schrödinger-type equations to calculate the total energy of the system, which in turn is used to investigate the
type and strength of the atomic bonds. If an “exact” calculation is aimed at, a
Schrödinger equation has to be solved for all electrons in the system. For
large systems, this is an impossible task. However, the DFT reformulates the
many-electron problem in terms of effective one-electron equations. With
DFT calculations one can determine surface and interface geometries, bonding strengths, surface energies, electrical properties etc [33].
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2 Contributions

2.1 Comparison between two test methods
(Paper I)
2.1.1 Aim
Two test methods often used to simulate the tribological performance of
forming tool materials are compared through an evaluation of the friction
and wear properties of four tool steels in dry sliding.

2.1.2 Experimental
One test, slider-on-flat-surface (SOFS), utilises a vertical disc sliding on a
horisontal flat test surface, and the other, the Load Scanner (LS), makes use
of two crossed cylindrical rods [20, 23, 24]. Both tests were performed at RT
and the test conditions were selected as equal as possible for the two tests.
Three different tool steels of HRC 60, 60 and 30, respectively, were tested
against one reference tool steel of HRC 60. All test samples were ground and
polished to a Ra value below 0.02 m.

2.1.3 Results and discussion
One example of friction graphs from each test is seen in Fig. 8. Both graphs
represent three identical tests and reveal the typical scatter experienced for
material combinations giving relatively high friction. For all combinations,
except the reference steel against the soft steel (Fig. 8a), the friction level
was 0.2 in the LS test. The relatively high friction of the SOFS test (Fig.
8b) is explained by a relatively high carbide content in the disc material. For
the other combinations, the SOFS test gave somewhat lower friction. Wear
tracks representing the friction graphs of Fig. 8 are seen in Fig. 9.
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a)

b)

Figure 8. Typical friction graphs for a) the load scanner test and b) the SOFS test.

a)

b)

Figure 9. Representative SEM images of the specimens behind Fig. 8a. a) Removal
of material seen in the wear track of the soft steel rod. b) Adhesion of soft material
in the wear track of the hard reference steel rod.

a)

b)

Figure 10. Representative SEM images of the specimens behind Fig. 8b. a) Wear of
the disc after test completion. b) Wear track on the reference plate.
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With the selected test parameters for this investigation, there is a rather good
resemblance between contact geometry, load range, contact pressure and
sliding velocity between the tests. For both tests, the load is linearly increased. Due to the non-conformal contact geometry the contact pressure is
high but limited by the hardness of the softer material. However, the SOFS
disc is in continuous contact, and possibly worn during the 100 mm sliding,
whereas each point on the flat surface only experiences a sliding distance
equal to the longest diameter of the elliptical contact area, about 1 mm. If the
disc is worn, the contact pressure in the SOFS test tends to be lower than in
the LS.
It was not possible to see any features in the wear tracks when the hard
steels were tested against the reference steel in the LS. This indicates that
high hardness in combination with smooth surfaces is beneficial for dry sliding contact. For the soft material, however, extensive transfer occurred to the
hard reference steel, see Fig. 9. In the SOFS test, where the disc is in continuous contact with the counter material, it is also continuously worn, see
Fig. 10a. Thereby the hard carbides will protrude from the softer matrix and
contribute to the friction by abrasive scratching, see Fig. 10b.

2.1.4 Conclusions
The friction and wear results seem very different between the two tests.
Based on the selected test conditions and the corresponding test results, the
following conclusions are made.
x One obvious difference between the two tests is that, for the LS test, each
point in the wear track of each specimen represents a unique load. In the
SOFS test, the surface of the disc has accumulated information during the
whole test sequence.
x The SOFS test has a better potential to evaluate wear resistance, since one
test sample is in continuous contact with the other.
x The LS test can generate higher contact pressures since the contact surfaces of the two rods meet each other in an unworn condition. Wear of the
disc limits the maximum contact pressure in SOFS.
x Both tests revealed a risk of having one soft steel sliding against a hard
steel. The SOFS test revealed a high wear rate of the softer steel, and the
LS test showed a pronounced adhesive transfer of this steel to the reference steel.
x The LS showed that two hard and smooth tool steel surfaces generally
give low friction and very good galling resistance.
x The gradual wear of the disc during the SOFS test made it possible to
discriminate between steels with different carbide content.

24

In fact, the two tests are both very flexible as to the way they can be used,
and they both have advantages and limitations in tribological studies. They
should rather be considered complementary than competitive. It is necessary
to consider the contact geometries and sliding conditions in detail to fully
understand the results of tribological experiments.

2.2 The contact situation in the Load-Scanner
(Paper II)
2.2.1 Aim
The aim is to fully understand the contact situation in terms of pressure distribution and sliding distance in the Load Scanner (LS). This information is
necessary for the interpretation of the LS test results.

2.2.2 Experimental
Load Scanner tests were performed with polished tool steel rods (Ra  0.01
m) against four different work materials known to be difficult to machine
and form.

2.2.3 Results and discussion
One way to estimate the contact pressure is to divide the applied load with
the contact area between the mating rods. In most tests, one of the rods has
been representing a tool, and the other a much softer work material. It can be
shown with elastic contact calculations according to Hertz’ theory that all
tested work materials deform plastically at a much lower load than the lowest load applied in the LS tests. If the tool rod is assumed to be rigid and the
work material rod ideally plastic, the width of the wear track on the tool
material rod is only half of that on the work material rod, and the contact
area between the rods can be approximated with a semi-circle, see Fig. 11.
Consequently, an estimate of the contact pressure at each position along the
wear track can be obtained by dividing the applied load with the area of a
semi-circle of diameter d0 equal to the width of the wear track of the soft
material. Examples from such estimates are given in Fig. 12.
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a)

b)

Figure 11. The idealised contact situation of the load scanner. The moving tool rod
deforms the stationary work material rod plastically. a) Side view seen parallel to the
tool rod. b) Top view demonstrating the 45° sliding direction. Wear tracks are
formed on each rod. The semi-circular contact area has also been indicated.

Figure 12. Contact pressure versus normal load as estimated from the width of the
wear tracks in LS tests between polished tool steel and four relatively soft work
materials.

For the four tested work materials, the pressure is surprisingly constant
throughout the whole load interval. The reason is that due to the extensive
plastic deformation, the pressure will be limited by the hardness of the soft
material. The significant increase in contact pressure for the austenitic
stainless steel is due to its well known ability to deformation harden. However, if the friction coefficient increases substantially along the sliding track,
a corresponding increase in deformation will occur and the contact pressure
can actually be reduced when the load is increasing.
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The sliding distance for the counter material varies across the wear track.
To visualise this, cross-sections of the test rods along the line A-A, in Fig.
11b, are presented, see Fig. 13. The sliding distance of each contact point has
been estimated and is shown in Fig. 14. The contact points close to the centre of the wear track have the longest sliding distances.
The ideal situation of a perfectly rigid rod against a rod plastically deforming without any ridge or burr formation is not seen in practice, and the
idealised sliding curves with maxima at 21/2d0 and 2-1/2d0 should be modified
to the full lines of Figs. 14c and d. The worst situation of sliding distance
and contact pressure for the tool rod is located close to the centre, towards
the exit side. In this area, the highest probability of material pick-up and
adhesion occur, cp. Figs. 14d and 15.

a)

b)

c)

d)

Figure 13. The contact and deformation sequence in the test as experienced by the
tool cylinder (top) and stationary work material cylinder (bottom) in a cross-section
parallel to the sliding direction (along A – A in Fig. 11b). The degree of deformation
is exaggerated for clarity. a) First contact, b) Lowest point of the tool material cylinder (top) comes into contact, c) Mid point, d) Just before release, note the indicated
transferred material.

a)

b)

c)

d)

Figure 14. Sliding distance of the counter material vs. position x across the sliding
track for the idealised situation of rigid steel against work material that deforms
plastically without ridge formation (a and b), and as estimated (full line curves) for
the situation with ridge formation and elastic deformation superimposed (c and d).
The arrows denote sliding direction of counter material.
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Figure 15. Typical wear track of a hard tool rod that has been sliding against a Duplex stainless steel. The stainless steel starts to adhere to the tool steel in the centre
of the wear track. The sliding direction and width of wear track are indicated.

2.2.4 Conclusions
x In the LS sliding occurs in a 45° angle with respect to the axis of the test
rods.
x If two rods of different hardness are tested, the wear track will be wider
on the soft rod.
x The width of the wear track, and consequently the sliding distance increases with the load.
x The contact pressure is fairly constant throughout the whole load interval
x Increasing the load in the LS increases the sliding distance and the
amount of surface deformation of the test rods.
x Following a line across the wear track, each point along the line will experience a different sliding distance against the counter material.
x Sliding rods of different hardness against each other, any material transfer
always occur from the soft to the hard rod.
x Any transferred material is predominantly located at the exit side of the
wear track of the hard rod.
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2.3 Influence of surface roughness
(Paper II)
2.3.1 Aim
The influence of surface roughness on the coefficient of friction and galling
tendency is well known [34]. The aim of this part was to better understand
how different metallic materials, known to be difficult to machine and form,
behave when sliding against tool surfaces with different roughness. Hopefully, there is a critical surface roughness for each material below which
there is no problem with material transfer and galling.

2.3.2 Experimental
Rods of austenitic stainless steel (SS), Duplex stainless steel (Duplex), an
aluminium alloy (Al) and a titanium alloy (Ti) were tested in the LS against
a powder metallurgical tool steel (PM). The PM rods were prepared to have
different surface roughness, see Table 1. PM A-D were surface finished by
grinding and polishing while PM E was tumbled. The tests were performed
in dry RT conditions by single strokes, sliding velocity of 0.01 m/s and load
interval 400-2100 N.
Table 1. Surface roughness of the PM rods.
Sample

Ra (m) along the rod

Ra (m) along the tangent

PM A
PM B
PM C
PM D
PM E

0.01
0.03
0.10
0.12
0.10

0.01
0.02
0.06
0.05
0.07

2.3.3 Results and discussion
Only SS and Duplex displayed low friction when tested against the smoothest surfaces, see Fig. 16. Ti and Al gave high friction against all PM surfaces.
Any correlation between friction and material transfer was studied by
SEM. Generally, high friction is associated with material transfer to the PM
rods. One example from tests against Ti is seen in Fig. 17. Both the Al and
Ti alloys formed a fully covering metallic layer even on the smoothest PM
rod, already at the lowest load. Increasing the load and roughness of the PM
rods further increased the severity of material transfer.
Comparing the results between PM C and PM E for SS and Duplex, it is
seen that PM E generally gave lower friction despite the fact that they have
about the same Ra-values. However, PM E has its main contribution to the
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Ra-value from dimples, whereas PM A is entirely dominated by grinding
grooves, see Fig. 18. Obviously, grinding ridges are worse than dimples for
the adhesion and galling behaviour of the tool.

a)

c)

b)

d)

Figure 16. Typical curves of friction vs. normal load for a) SS vs. PM A-E. b) Duplex against PM A-E. c) Ti vs. PM A, C and D. d) Al vs. PM A, C and D.
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a)

b)

Figure 17. Typical SEM images, at a position corresponding to a load of 1500 N,
showing a) transferred Ti material in the wear track of PM A b) corresponding wear
track on the Ti rod.

a)

b)

Figure 18. Characteristic surface of a) PM C and b) PM E.

Al and Ti adhered to the tool material already at the lowest load against the
smoothest PM A. Both Al and Ti have oxide layers (HV  2000 and  1200,
respectively) which are much harder than the bulk material itself. A proposed mechanism for adhesion of these materials is that the hard and brittle
oxides will fracture into small scales when the soft bulk material is deformed, see Fig. 19. The hard scales indent the tool surface and these indented scales will enhance the risk of material transfer.
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Figure 19. Proposed mechanism of material transfer for work materials covered by
harder and brittle oxides. When the tool deforms the work material plastically, the
oxide is too brittle to comply but rather fracture into small scales. These scales are
likely to become tilted by the friction against the tool. The sharp edges of the scales
indent the tool surface which leads to the transfer of a strongly adhering film.

SS and Duplex have much softer oxides and these materials did not adhere at
all or formed a thin adhered layer against the smoothest tool steel rods.
Against rougher tool steel surfaces, thicker lumps were adhered to the tool
surface.
A proposed mechanism for the thin layer transfer is that strong bonds will
form between the oxide layer and the tool surface. This will lead to shear and
finally fracture within this oxide layer leading to adhesion of a thin oxide
layer, see Fig. 20a.
A proposed mechanism for the lump transfer is seen in Fig. 20b. Large
protrusions in the rough tool surface will plough into the work material under the oxide and push material ahead. This will lead to shear deformation in
the work material and will eventually lead to work material transfer.
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a)

b)

Figure 20. Two proposed modes of material transfer for work materials covered by
softer and weaker oxides. a) The tool material has no protrusions that cause ploughing into the work material. Strong bonds between the two surfaces will lead to shear
and finally fracture within the weaker oxide layer. b) A large protrusion on the tool
side will scratch into the work material under the oxide. The shear deformation will
eventually lead to work metal transfer. For work hardening materials this mechanism would be even worse since the shear zone tends to move away from the already
sheared material, i.e. further down into the work material. This leads to transferred
lumps that are substantially thicker than the extension of the protrusion.

2.3.4 Conclusions
x There is no generally valid critical surface roughness, below which adhesive transfer will not occur independently of the material combination.
The tested work materials exhibited very different sensitivity to the tool
roughness.
x Tumbling showed some advantage over grinding when comparing tool
surfaces of very similar Ra. Both Duplex and SS showed significantly less
adhesion and transfer against the tumbled than against the ground tool
rod. The reason being the absence of sharp peaks in the tumbled surface.
x The materials with soft oxides (SS and Duplex) did not adhere at all or
adhered with a very thin layer against the smooth tool steel rods. The
mechanism behind this may be that the oxide form bonds with the tool
that are stronger than the oxide cohesion or its bonding to the parent
phase.
x The materials with soft oxides (SS and Duplex) formed lumps against the
rougher tool steel rods. A proposed mechanism to this is that protrusions
on the tool steel penetrates through the oxide and pushes material ahead.
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This will lead to shear deformation in the work material and eventually to
material transfer in the form of lumps.
x The materials with hard oxides (Al and Ti) adhered to the smoothest tool
steel rods. The mechanism behind this may be that the hard oxide fractures when the bulk is plastically deformed. These hard oxide fragments
may indent the tool surface and enhance the risk of material transfer.

2.4 Adhesion and friction of VN and TiN against steel
compared by experiments and atomistic simulations
(Paper III)
2.4.1 Aim
The aim was to experimentally investigate if there are differences in the galling tendencies of VN and TiN when sliding against austenitic stainless steel
and ferritic steel. The aim was also to explain any differences by atomistic
calculations.

2.4.2 Experimental
VN and TiN-coated rods were tested in the LS against austenitic stainless
steel and ferritic steel. The tests were performed in dry RT conditions by
single strokes, sliding velocity 0.01 m/s and load interval 200-2500 N. Density Functional Theory (DFT) calculations were made, on mono-crystal slabs
of VN and TiN in contact with a mono-crystal slab of Fe, to determine which
bonds are formed in this interface.

2.4.3 Results and discussion
The LS tests show that VN gives much lower friction, against both austenitic
stainless steel and ferritic steel, than TiN does, see Fig. 21. There is also a
strong correlation between high friction and tendency to galling, cp. § 2.3.
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Figure 21. Coefficient of friction versus normal load for VN and TiN tested against
austenitic stainless steel ( -Fe) and ferritic carbon steel ( -Fe).

By DFT calculations, it was first found that the surfaces of TiN and VN are
formed by low energy (001) facets. As a model for friction calculations, a
three atomic layers thick TiN(001) and VN(001) slab, respectively, was put
on top of a Fe(001) slab, see Fig. 22a. The mono-crystal of Fe was selected
because this is the dominating element in the tested materials. It is not yet
possible to make DFT-calculations on complicated systems like an austenitic
stainless steel. An interface energy “roughness” map experienced by a sliding Fe-crystal was obtained, see Fig. 22b. The peak to valley distance is a
measure of the “quantum” friction. The DFT-calculations show that the average friction coefficient is about 30 % smaller for VN than for TiN.

a)

b)

Figure 22. a) The atomistic model for the calculations. Slabs of Fe (top crystal) and
TiN and VN, respectively, are put in contact with each other. b) 3D-plot (upper
corrugated surface) of the interface energy “roughness” for VN-Fe (001) combination.

35

2.4.4 Conclusions
x VN gives a lower friction than TiN against austenitic stainless steel and
ferritic steel.
x DFT-calculations, of VN and TiN mono-crystals against Fe monocrystals, show that VN also in this simplified system gives a lower friction level than TiN.

2.5 Influence of N-content in VN
(Paper IV)
2.5.1 Aim
A number of VN coatings have been manufactured and they do not all tell
the same story as to galling against stainless steel. The aim is to explain the
reason why some VN-coatings give high friction and excessive galling,
while the opposite is true for others.

2.5.2 Experimental
Five different coatings representing different deposition methods and compositions with regard to N-content were deposited by PVD on hardened tool
steel substrates. Two of these were made using an electron beam evaporation
source and three were made using reactive magnetron sputtering from a vanadium target, see Table 2. The roughness of the as deposited coatings was
50±10 nm for all five coatings.
Coating compositions were measured both by GD-OES and EDS and
their microstructure was characterised using XRD (T-2T and grazing incidence (GI)). Mechanical properties in terms of hardness and elastic modulus
were obtained by nano-indentation.
Galling tests were conducted dry at RT in the LS against an austenitic
stainless steel (SS) at loads between 200 and 1400N and using a sliding
speed of 0.01 m/s.

2.5.3 Results and discussion
Depending on the nitrogen content the colour of the coating as well as their
mechanical properties changed markedly, see Table 2.
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Table 2. Fundamental properties of the coatings. The designation reflects the nitrogen content and deposition method (evaporation or sputtering).
Coating

N-content (at. %)

Colour

Hardness (GPa)

E-modulus
(GPa)

VN3S
VN30E
VN42S
VN50E
VN50S

3
30
42
50
50

Grey
Grey
Yellowish
Brownish
Brownish

15 ± 2
45 ± 6
33 ± 4
30 ± 4
17 ± 4

210 ± 25
530 ± 50
400 ± 40
350 ± 50
285 ± 45

From XRD it was evident that the VN3S was essentially a metallic -V
phase, see Fig. 23, possibly strengthened by precipitates. The VN30E revealed some dominating peaks that could not be identified. Other than that it
also contained G-VN1-x. The three remaining coatings all contained mainly
the G-VN1-x phase. VN42S showed small unidentified peaks at the same positions as the VN30E. None of the coatings showed any trace of the E-V2N
phase that would have been plausible at least for the VN30E and VN42S.

Figure 23. XRD spectra of the five coatings and the steel substrate made with TT
scan. Three unidentified peaks are marked with asterisks (*).

The two coatings with stoichiometric composition, VN50E and VN50S, both
gave significantly higher friction across the whole load interval than the
three other coatings, see Fig. 24.
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Figure 24. Coefficient of friction vs. contact load for the five coatings when tested
against SS.

When studying the contact tracks it was found that the stoichiometric coatings picked up large amounts of SS, see Fig. 25. The VN42S showed less
transferred material and in case of the VN3S and VN30E no transfer at all
could be found.

Figure 25. SEM image of the sliding track on VN50S obtained at 1200 N load. The
light-grey area to the far left has not been in contact with the SS. On the right hand
side are six elemental EDS maps from the same region. Light contrast reveals presence of the respective elements.

The results indicate that the composition of the coatings is much more important than the deposition method and hardness.
The explanation to why VN with low nitrogen content has less ability to
pick up SS material might be that the bonding strengths within VN increase
with the concentration of nitrogen vacancies and therefore stabilises the ma38

terial and increases the hardness [35, 36]. Stronger bond strengths within VN
could mean that it is less prone to form bonds with the SS material, which
therefore is less likely to adhere to sub-stoichiometric VN coatings. It has
also been shown by DFT-calculations (Paper III) that the strongest bonds
across the interface between a model system of VN and Fe are those between
nitrogen and iron atoms. Coatings with low nitrogen content would also for
that reason be less likely to bond strongly to the Fe atoms in the stainless
steel. The un-identified phase may also have a big role in the galling tendencies of the sub-stoichiometric materials.

2.5.4 Conclusions
x Depending on the nitrogen content, very different galling properties can
be obtained for VN coatings sliding against SS.
x An un-identified phase, previously not reported, was found in the coatings
giving least galling against SS. The importance of this phase is yet unknown.
x Sub-stoichiometric VN, deficient in nitrogen, has significantly better galling resistance when sliding against SS than stoichiometric VN.
x A proposed reason may be that high vacancy content gives a harder coating and increases the bond strength within VN.
x Another reason may be that lower nitrogen content in VN reduces the
density of strong VN-Fe bonds.
x The composition of the coating is much more important for the galling
properties against SS than either the coating hardness or the deposition
method.

2.6 Influence of the oxide on stainless steel
(Papers V and VI)
2.6.1 Aim
The aim was to investigate the interface between adhered austenitic stainless
steel (SS) and TiN and to find out which role the SS oxide has regarding
adhesion and galling in sliding contact. Is metal to metal contact a necessary
condition for adhesion and metal transfer?

2.6.2 Experimental
Titanium nitride coated rods were prepared and tested in the LS against SS.
The tests were performed in dry RT conditions by single strokes, sliding
velocity of 0.01 m/s and load interval 150-2400 N. Some of the SS rods were
heat treated for 10 minutes at 200, 500 and 800 °C, respectively, to increase
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the oxide thickness. The composition and thickness of these oxide layers
were analysed by ESCA and TEM. Cross-sections of some of the wear
tracks on the TiN coated rods, where SS material had adhered, were investigated by FIB/TEM.

2.6.3 Results and discussion
As in the tests described in Paper III, SS adhered frequently to the TiN rod.
However, in some tests, some areas in the wear track of TiN was not covered
by metallic SS, see Fig. 26.

a)

b)

Figure 26. SEM image of the wear track of a TiN-rod. a) Area with adhered SS
b) Area with no visible SS in the wear track.

ESCA-analysis of the area shown in Fig. 26b reveals that there are in fact Fe
and Cr present in the sliding track, see Fig. 27. The peak shift of the Fe and
Cr signals indicates that iron oxide and chromium oxide is present. ESCAanalysis of an untested TiN-rod showed no signs of oxide, instead only a
very thin layer of adsorbed oxygen molecules was observed. Obviously, the
bonding strength between the SS oxide and the TiN surface is stronger than
the oxide cohesion or bonding strength to the SS material itself.
The observation that iron and chromium oxide adhered to the TiN-rod
without any metallic SS adhering, motivated further studies of the interface
between adhered stainless steel and TiN. It also encouraged further studies
of pre-oxidised SS rods.
Figure 28 shows how a TEM specimen containing the interface between
adhered SS material and TiN is prepared by FIB technique. As seen in Fig.
29, there is an amorphous interlayer between the adhered SS and TiN. EDS
line scan across this interlayer shows that it contains Cr and Fe, see Fig. 30.
Further studies by EELS also revealed high oxygen content in the interlayer.
It is most likely that it is composed of iron- and chromium oxide.
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a)

b)

Figure 27. ESCA spectra from the area seen in Fig. 26b, revealing the presence of a)
iron oxide and b) chromium oxide.

a)

b)

c)

d)

Figure 28. Sequence showing the manufacturing of a TEM-sample in the FIB. a) An
area in the sliding track of the TiN-coated rod with adhered SS material is selected
and protected with Pt (white rectangular area). b) A TEM sample is cut out using the
ion beam. c) The sample is lifted out. d) The TEM-sample after final thinning to
electron transparency.
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a)

b)

Figure 29. TEM micrographs showing the interface between adhered SS and TiN
a) Overview of the adhered SS and TiN. b) Close-up of the interlayer.

a)

b)

Figure 30. a) TEM-image showing where an EDS line scan was performed. b) EDS
line scan showing the presence of iron and chromium in the interlayer.

Not only does the SS oxide stick stronger to the TiN surface than its internal
strength or than it bonds to the SS metal. It also participates in the transfer of
metallic SS to TiN. Consequently, metal to metal contact is not a necessary
condition for adhesion and material transfer.
The composition and thickness of the oxide layers of the un-oxidised and
pre-oxidised SS rods are given in Table 3. Due to the rough topography of
the SS test rods, there is some uncertainty in the values.
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Table 3. Composition (at. %) of the superficial layer of the oxide on the SS rods
and thickness of oxide layer.
Sample
Un-oxidised
200 °C

500 °C
800 °C

%O

% Fe

% Cr

Thickness (nm)

82

14
18
18
1,8

3,5
1,9
4,1
16

5-7
10-15
25-30
100-200

80
78
82

There is a significant increase in oxide thickness with temperature. The
depth profiles reveal that all the samples, except the 800 °C sample, have an
iron oxide as the outermost layer. The 800 °C sample instead has a chromium oxide as the outermost layer. This sample also shows a reduced level
of friction against TiN, see Fig. 31. The oxide layers on the rods treated at
200 and 500 °C are significantly thicker than that on the un-oxidised rod.
Despite this fact, their friction behaviour and strong tendency to transfer SS
material to the TiN rod are the same. In contrast, only small amounts of the
800 °C SS adhered to the TiN rod, and only at the highest loads.

Figure 31. Coefficient of friction versus normal load for TiN tested against unoxidised SS and SS oxidised at 200, 500 and 800 °C.
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2.6.4 Conclusions
x Metallic contact is not a pre-requisite for transfer of SS to TiN.
x The experiments with the test rods treated at 200 and 500 °C show that a
moderate increase in oxide thickness does not improve the friction and
galling properties.
x Thus, the oxide seems to be very sticky and contribute to the transfer.
x The transfer of oxide and the presence of oxide between SS adhered to
TiN indicates that the adhesion of SS oxide to TiN is stronger than its cohesion or its bonds to metallic SS.
x The rod treated at 800 °C showed the least tendency to transfer to TiN,
which is proposed to be due to its different composition (Cr instead of Fe
in the superficial layer) or significantly thicker oxide, or both.
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3 Conclusive summary

It can be concluded that the processes involved, adhesion and transfer material, between materials in sliding contact are extremely intricate. The interaction between load, shape, topography, hardness, pressures, sliding contact,
deformation, deformation hardening, atomic bonding, adhesion, transfer,
materials, oxides, oxidation, temperatures, lubricants and many more factors
makes it virtually impossible to get a complete analytical or theoretical description of the subject. Still it is possible to gradually improve the understanding by carrying out and carefully analysing well-planned experiments.
Every such step may contribute to improved industrial forming processes
and sliding mechanical components by aiding the development of materials,
coatings, surface preparation techniques or lubricants.
In this thesis, the focus is on applications involving tool materials and
work materials known to be difficult to form. A unique load-scanning test
has been used throughout the thesis. It can accelerate adhesion and metal
transfer in dry, room temperature atmosphere, and swiftly covers large load
intervals in one single stroke. These tests are also representing any lubricated
situation where the lubricant is starved or otherwise inactivated.
Of all observations and conclusions made from the work of this thesis
these are the most striking.
x The tool topography is the most important parameter in determining adhesion and transfer (galling) in sliding contact against any work material.
x An oxide interlayer was found in the interface between adhered austenitic
stainless steel and a TiN surface, indicating that pure metal-to-metal contact is not necessary for adhesion and transfer. It also indicates that the
bonding between the oxide and the tool surface is stronger than its cohesion or its bonding to the parent phase.
x A significant influence from chemical composition from the tool surface
was revealed by experiments with VN-coatings with different nitrogen
content. Sub-stoichiometric VN-coatings deficient in nitrogen outperformed the stoichiometric ones.
x The two tested Ti and Al-alloys adhered to the smoothest steel rods already at the lowest load.
x The galling problems associated with Ti-and Al-alloys is proposed to be
related to their oxides being significantly harder than their relatively soft
parent metals. The oxide film is believed to break up during plastic de45
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formation of the parent metal, and oxide scales may mechanically abrade
and “grip” into the tool surface. These processes will also facilitate metalto-metal contact and activate any metallic bonding between tool and work
material.
One way to overcome the problem with hard oxides would be to apply a
coating on the tool that is harder than the oxides.
One way of explaining the sensitivity for the Ti- and Al-alloys is to regard
the abrasion from their oxides as a process, which increases the roughness
of polished surfaces.
For the two stainless materials (austenitic (SS) and Duplex, respectively)
the experiments with different tool roughness indicated a critical tool surface roughness. SS did not adhere nor transfer for the polished surface of
Ra  0.01. Duplex was less sensitive to roughness and gave a good behaviour also for the tool steel polished to Ra  0.02 - 0.03, and for a surface
tumbled to Ra  0.07 - 0.10.
Both stainless steels have superficial oxides that are relatively soft and
deformable, and should be able to protect the steel at moderate pressures.
It is believed that as long as the tool topography does not severely penetrate the oxide, there is only very little metal transfer.
A transfer of thick lumps requires that a shear fracture occurs away from
the original interface. Consequently, the ability of a work material to
transfer in the form of large lumps, and that way be able to cause the most
severe galling problems in forming, is related to its ability to work
harden.

For the maker and user of tools and other tribological components the following more general conclusions could be valuable.
x Since a smooth tool surface is desirable, one direction of improving the
tool material could be towards better polishability.
x The experiments with VN-coatings show that the chemical state of the
tool surface is another important parameter. The potential of VN and
other coatings in tooling and other tribological applications should be further explored.
x Not only in dry contact is a smooth surface beneficial. In lubricated applications, smooth surfaces would possibly require smaller quantities of oil,
or oils with less additives, or additives with lower environmental impact.
x If the hardness of the work material oxides can be reduced and their ductility improved, for example by alloying, they would be more tolerable to
tool roughness.
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Sammanfattning på svenska

Väldigt många produkter i samhället, t.ex. burkar, rör, tråd och bilkarosser,
tillverkas genom metallformning. Vissa material, såsom rostfritt stål, aluminium och titan, är väldigt svåra att forma utan att problem uppstår. Dessa
problem består huvudsakligen i att arbetsmaterialet fastnar (adherar) på verktygsmaterialet. Adherat material kan i nästa formningsoperation repa ytan på
arbetsmaterialet, ett fenomen som kallas för galling. Problemet kan i viss
mån lösas genom att man använder smörjmedel. Många smörjmedel är dock
skadliga för miljön och därför är det mycket önskvärt att helt eliminera, eller
att åtminstone reducera, deras användning.
I detta arbete har fenomenet galling studerats i detalj. Under vilka förutsättningar sker galling och vad kan göras åt verktygsmaterialet för att förhindra att detta problem uppkommer? Undersökningarna har gjorts genom
att testa olika materialkombinationer i en speciell friktionstestsutrustning
som kallas saxriggen. Ytorna på de testade materialen har sedan undersökts
med avancerad analysutrustning, såsom ESCA och TEM, för att verkligen
förstå vad det är som sker i gränsytan mellan materialen när de fastnar ihop.
En allmän uppfattning är att galling bara kan ske när ren metallisk kontakt
uppstår. Finns det ett smörjmedel eller en oxid mellan ytorna så borde det
inte kunna ske. I detta arbete har det dock upptäckts att, för rostfritt stål, så
spelar dess oxid en stor roll för att förklara varför detta material är så svårt
att forma. Oxiden har befunnits vara mycket benägen att fastna på verktygsytan och därmed initiera galling. Metallisk kontakt är alltså inte nödvändigt
för att galling ska kunna uppkomma.
Flera olika ytbelagda verktygsmaterial har testats och det har upptäckts
att, för vanadinnitrid, så går det att kraftigt minska tendensen att fastna mot
rostfritt stål genom att ändra den kemiska sammansättningen från den vanliga, där man har lika mycket vanadin som kväve. Med ett underskott på kväve erhölls väsentligt bättre gallingegenskaper.
Ytfinheten på verktygsytan har funnits vara mycket starkt kopplad till
verktygets gallingmotstånd. Det krävs en mycket blank och välpolerad yta
för att motverka uppkomsten av galling. Är verktygsytan repig så kommer
det alltid att fastna arbetsmaterial på verktyget oavsett vilken kemisk sammansättning verktyget eller arbetsmaterialet har.
Vissa material, såsom aluminium och titan, har en tendens att fastna oavsett vilken ytfinhet verktyget har. En möjlig förklaring tros ligga i att båda
dessa metaller har oxidskikt som är betydligt hårdare än själva grundmateria47

let. Denna oxid spricker lätt upp när det underliggande materialet deformeras
och bildar vassa hårda partiklar som tränger in och fastnar i verktygsytan. De
bidrar sedan till att mer arbetsmaterial fastnar på verktyget.

48

Acknowledgements

This work has been carried out at the Tribomaterials Group, the Ångström
Laboratory, Uppsala University. The Swedish Research Council and Böhler
Uddeholm AG are gratefully acknowledged for financial support.
Outokumpu Stainless AB, Erasteel Kloster AB and Sandvik AB are
thanked for supporting us with test specimens and materials.
Odd Sandberg at Uddeholm Tooling AB. Thank you for great support and
help during this project.
Sture, my supervisor and professor, who gave me the opportunity to work
at the department and to whom one is always welcome for well-needed talks,
work related or not. And thank you for your support, encouragement and for
keeping me on track.
Staffan, my very first supervisor, who led me into the world of tribology
and taught me how to tackle the problems encountered in this field. Thank
you for always having the time to help.
Thank you Urban for all the help you have given me in the later parts of
this work. All your work during late nights has been essential for finishing
this dissertation.
Thank you Janne, Rein and Fredric for making sure that machines and
equipment work, and when they don’t, for doing a great job getting them
ready.
To all past and present secretaries at the department, Carin, Caroline and
Anja. Thank you for always making sure papers, tickets and me myself are
on the right track.
Thank you Anders and Jens at Karlstad University. It has been a great
pleasure doing work with you.
To all, past and present, at the department. Thanks for all the fun trips, for
well needed coffee breaks, for Mombasa evenings and well, there in between, we did work a bit as well.
And finally and most importantly, to my family and my girlfriend Tina.
Thanks for all the love and support you have given me during these years. I
am tremendously grateful for having you all in my life!
Uppsala, January 2008
Magnus Hanson

49

References

1. Lubrication (tribology) education and research. (‘Jost Report’) Department of Education and Science, HMSO (1966).
2. H. P. Jost, J. Schfield,. Energy saving through tribology a technoeconomic study. Proc. IMechE 195 (June, 1981) 151-174.
3. W. J. Bartz, Ecotribology: Environmentally acceptable tribological practices, Tribology International 39 (2006) 728-733.
4. D. Dowson, The History of Tribology, Longman Group Limited, London, 1979, 96-109.
5. S.M. Hsu, C. Chen, Wear Maps, in Wear Control Handbook, CRC Press,
2001, Ed. B. Bhushan, Vol. 1, 317-359.
6. S. R. Schmid, K. J. Schmid, Tribology in manufacturing, in Wear Control Handbook, CRC Press, 2001, Ed. B. Bhushan, Vol. II, 1385-1411.
7. O. Vingsbo, S. Hogmark, Wear of steels, in Fundamentals of Friction
and Wear of Materials, Ed. D. A. Rigney, Am. Soc. Metals, 1981, 373408.
8. Rabinowicz, Friction seizure and galling seizure, Wear 25 (1973) 357363.
9. Markov, D. Kelly, Mechanisms of adhesion initiated catastrophic wear,
Wear 239 (2000) 189-210.
10. Metal Working: Sheet Forming, Ed. S. L. Semiatin, ASM Handbook vol.
14B, ASM International, 2006.
11. M. Ropo, K. Kokko, M.P.J. Punkkinen, S. Hogmark, J. Kollar, B. Johansson, L. Vitos, Theoretical evidence of the compositional threshold
behavior of FeCr surfaces, Physical Review B 76 220401(R), 2007.

50

12. S. Shibagaki, A. Koga, Y. Shirakawa, H. Onishi, H. Yokokawa, J. Tanaka, Chemical reaction path for thin film oxidation of stainless steel,
Thin Solid Films 303 (1997) 101-106.
13. G. Krauss, Steels: Processing, Structure and Performance, ASM International, Ohio, 2007.
14. Physical Metallurgy, in ASM Specialty Handbook: Aluminum and Aluminum Alloys, Ed. J.R. Davis, 2002, 31-46.
15. R.E. Reed-Hill, R. Abbaschian, Physical Metallurgy Principles, PWS
Publishing, Boston, MA, 1994, 706-718.
16. K.G. Budinski, Tool Materials, in Wear Control Handbook, Eds. M.B.
Petersson and W.O. Winer, ASME, New York, 1980, 931-985.
17. J. Slycke, L. Sproge, J. Ågren, Nitrocarburizing and ternary Fe-N-C
phase diagram, Scandinavian Journal of Metallurgy, vol. 17, 1988, 122126.
18. Heat Treating, ASM Handbook, Vol. 4, 1991, 387-436.
19. J.L Vossen, W. Kern, Thin Film Processes II, Academic Press, 1991.
20. M. Van Stappen, L.M. Stals, M. Kerkhofs, C. Quaeyhaegens, State of
the art for the industrial use of ceramic PVD coatings, Surface and Coatings Technology, Volumes 74-75, Part 2, October 1995, 629-633.
21. P. Eh. Hovsepian, D.B. Lewis, W.D. Münz, Recent progress in large
scale manufacturing of multilayer/superlattice hard coatings, Surface and
Coatings Technology, Volumes 133-134, November 2000, 166-175.
22. Selection and use of lubricants in forming of sheet metal, in Metal
Working: Sheet Forming, Ed. S.L. Semiatin, ASM Handbook, vol. 14B,
ASM International, 2006, 248-264.
23. E. van der Heide, A.J. Huis in’t Veld, D.J. Schipper, The effect of lubricant selection on galling in a model wear test, Wear 251 (2001) 973-979.
24. Z.G. Wang, Tribological approaches for green metal forming, Journal of
Materials Processing Technology 151 (2004) 223-227.

51

25. N. Bay, D.D. Olsen, J.L. Andreasen, Lubricant test methods for sheet
metal forming, Proc. Nordtrib’06, NT 2006-10-104, ISBN 87-90416-198.
26. S. Hogmark, S. Jacobson, O. Wänstrand, A new universal test for tribological evaluation, Proceedings of the 21st IRG-OECD Meeting in
Amsterdam, March 25-26, 1999, Ed. D.J. Schipper, ISBN 90-36513405.
27. S. Hogmark, S. Jacobson, O. Wänstrand, The Uppsala Loadscanner – an
Update, Proceedings of the 22nd IRG-OECD Meeting in Cambridge,
September 21-22, 2000, Ed. D.J. Schipper, ISBN 90-36515513.
28. Surface Characterisation – A User’s Sourcebook, Ed. D. Brune et. al.,
Scandinavian Scientific Press, Wiley, 1997.
29. R.F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope, Plenum Press, New York, 1996.
30. Practical Surface Analysis, Eds. D. Briggs and M.P. Seah, Vol. 1 Auger
and X-Ray Photoelectron Spectroscopy, Wiley, New York, 1996.
31. J.I. Goldstein et. al., SEM and X-Ray Microanalysis, Plenum Press, New
York, 1984.
32. A.R. West, Basic Sold State Chemistry, Wiley, New York, 1997, 121154.
33. R.G. Parr, W. Yang, Density-Functional Theory of Atoms and Molecules, Oxford Science Publications, 1989.
34. B. Podgornik, S. Hogmark, O. Sandberg, Influence of surface roughness
and coating type on the galling properties of coated forming tool steel,
Surface and Coatings Technology 184 (2004) 338-348.
35. L. Skála, P. Capková, Nitrogen vacancy and chemical bonding in substoichiometric vanadium nitride, J. Phys.: Condens. Matter 2 (1990) 8293.
36. Q-M Hu, K. Kádas, S. Hogmark, R. Yang, B. Johansson, L. Vitos, Predicting hardness of covalent/ionic solution from first-principles, Appl.
Phys. Lett., 91 (2007) 121918:1-3.

52

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 388
Editor: The Dean of the Faculty of Science and Technology
A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8417

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2008

