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Abstract

Aside from the physical disruption of a forming tool, tool wear is considered the most im-
portant failure mode in forming applications, as it has a direct impact on the dimension
accuracy, shape and quality of the processed parts. Thus, its progress has to be monitored
and - if possible - anticipated thoroughly. The wear of forming tools is mainly caused by
the co-occurrence and overlapping mechanisms of adhesion and abrasion. At elevated tem-
peratures tribochemical reactions also have to be considered. Since high-strength and ultra
high-strength materials have become a dominant constant in deep drawing operations, the
tribological strain on forming tools has ever been increasing. In order to meet these demand-
ing requirements, while maintaining appropriate cost levels, critical tool areas are covered
with functional graded coatings. This master thesis aims at designing a device to pretest and
evaluate these coatings, as well as innovative material pairings, before they are transferred to
actual forming applications.

The practical part of this thesis emphasizes the development of a suitable testing configura-
tion that is specifically adapted to the distinct characteristics of deep drawing applications.
In common test configurations - often referred to as Pin/Disc or Pin/Flat tribometer - mostly
recurring contact movements (circular, translational) are realized. The repeated contact of
the two friction partners leads to an alteration of the initial material surfaces and, for exam-
ple, destroys passive layers. The presented paper describes a tribometric system in which
the test pin meanders on a large-area sheet metal, and therefore simulates the deep drawing
process in a more accurate way, as it is always in contact with intact surface areas.
Such a constellation naturally reproduces the Stop-and-Go peculiarity (the sequential occur-
rence of acceleration, steady speed and deceleration) that is featured by all deep drawing
operations. The generated surface pressures are derived from state-of-the-art drawing appli-
cations and also contribute to the significance of the obtained test results for deep drawing
applications. Furthermore, a cooling system is incorporated into the design, enabling the
simulation of high temperature forming processes as well. This thesis comprises the con-
cept generation, the design of the tribological module and a thorough documentation of the
test set-up. In addition, basic knowledge of the science of tribology is provided, and its
implications for forming technologies are highlighted.





Kurzfassung

Neben der effektiven Materialermüdung von Umformwerkzeugen, zählt Werkzeugverschleiß
zu den wichtigsten Versagensarten im Umformprozess, da er direkten Einfluss auf die Maß-
genauigkeit, die Form und die Qualität der hergestellten Bauteile ausübt. Es ist daher es-
sentiell dessen Fortschreiten genauestens zu überwachen und - sofern möglich - vorherzu-
sagen. Der Verschleiß in Umformwerkzeugen wird hauptsächlich durch das Vorkommen
und die Überlagerung der Verschleißmechanismen Adhäsion und Abrasion verursacht. Bei
erhöhten Temperaturen müssen zusätzlich auch tribochemische Reaktionen berücksichtigt
werden. Durch den vermehrten Einsatz von hochfesten und ultra-hochfesten Materialien in
Tiefziehprozessen, hat sich die tribologische Belastung der betreffenden Werkzeuge in den
letzten Jahren kontinuierlich erhöht. Um diesen anspruchsvollen Anforderungen, auf einem
dennoch akzeptablen Kostenniveau, gerecht zu werden, werden kritische Werkzeugbereiche
mittels Laserauftragsschweißen beschichtet und dadurch verschleißbeständiger gemacht.
Das Ziel der vorgestellten Diplomarbeit besteht darin eine Testkonfiguration zu entwerfen,
mit der man diese Beschichtungen, sowie neuartige Materialkonzepte, evaluieren und vorab
testen kann - bevor man sie dann auf den eigentlichen Umformprozess überträgt.

Der Kern dieser Arbeit besteht aus der Entwicklung eines neuartigen Versuchskonzeptes,
welches speziell auf die besonderen Charakteristiken in der Umformtechnik ausgelegt wur-
de. In üblichen Testkonfigurationen, bekannt als Pin/Disk oder Pin/Flat Tribometer, wer-
den vorwiegend wiederkehrende Kontaktbewegungen (kreisförmig/translatorisch) realisiert.
Durch den wiederholten Kontakt der beiden Reibpartner werden die Ausgangsoberflächen
verändert und, beispielsweise, Passivschichten zerstört. In der vorliegenden Arbeit wurde
ein tribometrisches System entwickelt, das - im Gegensatz dazu - den zu bewertenden Test-
stift mäanderförmig auf einem großflächigen Blechbauteil bahngesteuert bewegt. Dadurch
steht dieser ständig mit intakten Ausgangsmaterialien in Berührung und simuliert somit
den Tiefziehprozess sehr realitätsnah. Aber auch der signifikante Stop-and-Go Faktor des
Tiefziehens (das Aufeinanderfolgen von Beschleunigung, konstanter Geschwindigkeit und
Verzögerung), sowie die abbildbaren Flächenpressungen, die auf dem derzeitigen Stand der
Technik basieren, erhöhen die Aussagekraft der Testergebnisse für den Tiefziehprozess.
Da zusätzlich ein Kühlsystem in das Design eingearbeitet wurde, ist auch das Vorhersa-
gen komplizierter Verschleißprozesse in Hochtemperaturprozessen möglich. Neben der Kon-
zeptentwicklung, der Konstruktion des Tribomoduls und der gründlichen Beschreibung des
Versuchsaufbaus, beinhaltet die vorliegende Diplomarbeit grundlegendes Theoriewissen der
Tribologie und deren Signifikanz für die Umformtechnik.
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Symbols and Abbreviations

List of Symbols

A Geometric Contact Area [mm2]
a Half Contact Width (Hertzian Pressure) [mm]
Ai Surface Area of Micro Contact [mm2]
AReal Real Contact Area [mm2]

d0 Blank Diameter before Forming [mm]
d1 Inner Diameter of Cup (Punch Diameter) [mm]
da Diameter of Wear Scar Perpendicular to Sliding Direction [mm]
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FBH Blank Holder Force [N]
FN Normal Force [N]
FP Punch Force [N]
FR Friction Force [N]
FRdyn Dynamic/Kinetic Friction Force [N]
FRstat Static Friction Force [N]

G Shear Modulus of Elasticity [MPa]

I Moment of Inertia [mm4]

kf Flow Stress [MPa]

p Surface Pressure [N/mm2]

R Spring Rate [N/mm]
r Vertical Anisotropy [-]
r Radius [mm]
rfd Die Radius [mm]
rfp Punch Radius [mm]

iii



Rm Tensile Strength [MPa]

s Sheet Thickness [mm]
sn Nominal Spring Deflection [mm]

TR Recrystallisation Temperature [K]
TS Melting Temperature [K]

U Strain Energy [Nmm]

v Velocity [m/s]

WV ;b Wear Volume of a Ball [m3]

β Drawing Ratio [-]
β0 Initial Drawing Ratio [-]
βmax Maximum Drawing Ratio [-]
βn Subsequent Drawing Ratio [-]
δ Flattening (Hertzian Pressure) [mm]
ε Elongation (Strain) [-]
η Viscosity [kg/ms]
ϕ Natural Strain (True Elongation, Natural Logarithmic Strain) [-]
ϕ1; ϕ2; ϕ3 Main Natural Strains [-]
ϕb Widthwise Natural Strain [-]
ϕs Latitudinal Natural Strain [-]
ϕv Effective Strain [-]
γ Shear Strain (Shearing Angle) [◦]
λ Proportionality Factor [-]
λ̇ Proportionality Factor [-]
µ Friction Coefficient [-]
ρ Density [kg/m3]
σ Normal Stress [MPa]
τ Shear Stress [MPa]
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Acronyms

AHSS Advanced High-Strength Steel
AVC Advanced Vehicle Concepts
bcc Body-Centred Cubic
BH Bake Hardenable (Steel)
CMn Carbon-Manganese (Steel)
CVD Chemical Vapour Deposition
DP Dual Phase (Steel)
EHL ElastoHydrodynamic Lubrication
fcc Face-Centred Cubic
FLC Forming Limit Curve
FLD Forming Limit Diagram
GfT Deutsche Gesellschaft für Tribologie
HAZ Heat Affected Zone
hcp Hexagonal Closest Packed
HL Hydrodynamic Lubrication
HSLA High Strength, Low Alloy (Steel)
HSS High-Strength Steel
IF Interstitial Free (Steel)
IS Isotropic (Steel)
Mart Martensite (Steel)
MGPG Measurement Good Practice Guide
NPL National Physical Laboratory
PVD Physical Vapour Deposition
T&F Institute for Tools and Forming
TRIP Transformation Induced Plasticity (Steel)
TTS Tribotechnical System
UHSS Ultra High-Strength Steel
ULSAB Ultra-Light Steel Auto Body
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Chapter 1

Introduction

When reviewing general trends and ongoing research in the peripheral fields of automotive
industries, there are two catchphrases that have become ubiquitous during the last period of
years: lightweight construction and high-strength materials. Not many papers and publica-
tions can be found that lack these attractive slogans. Whether the main focus is the reduction
of CO2 emissions, the improvement of crash performances and passenger safety, or the pos-
itive economic aspect in general, - at one point or another, the concept of lightweight design,
and consequently high-strength materials, is introduced to the topic. It is this aspiration for
highly efficient and, at the same time, safe vehicles that result in innovative material concepts
that compete for the highest realizable strengths.

The tensile strengths of new materials are increasing constantly. In order to give some kind of
reference regarding the strength behaviour of this specific material group, new prefixes have
been introduced, because the sole description by adjectives is no longer sufficient. High-
strength (HSS), advanced high-strength (AHSS), ultra high-strength steels (UHSS) - though
the distinction is not easily made1, the problems for manufacturing processes are very much
alike.
In order to meet the increasing demands that arise from the elevated mechanical (and often
thermal) exposure, tool concepts need to be improved eventually. The field of metal forming
is no exception to this rule. In order to plastically deform ultra high-strength sheet materials -
that frequently feature tensile strengths (Rm) of up to 1, 400 MPa - the forming tools have to
be adapted. As a complete replacement is highly uneconomical, critical tool areas are often
coated with high-strength, wear-resisting layers.

Laser cladding, as applied at the T&F, is one approach to cope with these augmented de-
mands. This innovative coating technique combines the advantages of laser welding and
powder metallurgy. This way, high bonding strengths between the coating and the substrate
can be achieved, while maintaining small heat affected zones (HAZ). Moreover, there are
nearly no constraints regarding the coating materials.
Even though, the possibilities of different powder combinations are endless, it is crucial to
verify various compositions before applying them to actual tool surfaces. Also, new and

1See Figure 1.1
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Figure 1.1: Yield strength in relation to the maximal elongation of common steel grades
[ULSAB-AVC, 2001, p. 2]

innovative coating materials should be tested and evaluated before being transferred to large
scale applications.
This diploma thesis aims at conceptualizing and designing a suitable pretesting device for
this specific purpose.

The mechanical and thermal loads that were mentioned before, are also referred to as tribo-
logical strains. Even though many people might not be familiar with the term tribology, the
mechanisms and effects comprised by this expression are omnipresent and well perceived.
DIN 503232 defines tribology as the science and technology of interacting surfaces in rel-
ative motion. It comprises the areas of friction, wear and lubrication, including associated
boundary layer interactions between solids as well as between fluids or gases.
Both, friction and especially wear, are mainly associated with unfavourable energy and ma-
terial losses that need to be prevented by all means necessary. Though, this is true for the
majority of technical systems, there are also some positive effects worth mentioning. Fric-
tion, for example, is beneficially applied in clutches, brakes, bolts and nuts. And even the
material removing effect of wear mechanisms can sometimes be desired: for instance, when
writing with a pencil on a piece of paper.

2All referenced standards and guidelines can be obtained from Appendix ‘Bibliography’.
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One part of this paper aims at introducing the basic terms and fundamentals, as well as its
causes and effects of the rather young, interdisciplinary science of tribology. The gained
knowledge is then applied to the deep drawing process and is ultimately incorporated in the
designed tribological testing device.
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Chapter 2

Tribology

Relative motion between two or more interacting surfaces - a setting that can be observed in
the vast majority of technical applications - inevitably results in a resistance to that motion.
This resistance, or friction, will eventually lead to energy and material losses and therefore
causes wear. In order to minimize the destructive and expensive effects of wear, numerous
lubrication concepts have been introduced into modern engineering operations.

Tribology is the interdisciplinary science that comprises the configuration described above.
It is the connective study of the fields of friction, wear and lubrication.

2.1 Significance

The study of tribology has been established to explore and fully understand the complex
mechanisms that take place in a tribological system, combining - for the first time ever - all
major disciplines involving friction and wear.

Originally derived from the Greek term ‘tribos - to rub’, the term Tribology was coined by
Prof. H. Peter Jost in a UK Government Report in March 1966. [Jost, 1996] The so-called
Jost Report highlighted the immense saving potential that lies within this branch of study.
The fact that tribology is mainly based on already existing knowledge and only requires
some comparatively low research efforts contributed to the rapid expansion of this new idea,
resulting in over 40 national tribology societies or committees and another several hundred
corresponding chairs in 2011. [International Tribology Council, 2011]

The promising cost reduction is still the main driving force behind ongoing research. The
German Society of Tribology (Deutsche Gesellschaft für Tribologie (GfT)) points out that
about 5 % of the German annual gross national product is lost due to friction and wear. This
equals a total of 35 billion e /year. The consistent implementation of the already gathered
knowledge on tribology could economize an amount of 5 billion e /year, further measures
from ongoing research activities not even included. [Gesellschaft für Tribologie, 2012]

5
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1) Main body; 2) Opposing body; 3) Intermediate medium; 4) Surrounding medium

Figure 2.1: Schematic description of a tribotechnical system (adapted from Czichos
and Habig [1992, p. 13] and Grote and Antonsson [2009, p.296])

2.2 Tribotechnical System

The tribotechnical system (TTS) is a simplified model of a real technical application, detach-
ing all elements involved in friction and wear from their surrounding.
Figure 2.1 highlights all elements and parameters of a tribotechnical system. Accordingly,
Czichos and Habig [1992, pp. 13-14] define the characterizing properties of a tribosystem:

1. Function and Output Variables
2. System Structure

• Components subjected to tribological strains
• Relevant properties of elements
• Interactions of and interdependencies between parts

3. Stress Collective or Input Variables
4. Tribological Loading
5. Tribological Processes
6. Tribometric Parameters

Function and Output Variables

Every TTS exists to fulfil a certain function that can be described by the obtained output
variables. Prevalent output variables include motions, forces/torques, material and signal

6
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variables.

Systems Structure

Base body, opposing body, intermediate and surrounding medium - these are the basic com-
ponents that define the system structure. Even the most complex technical configurations can
be reduced to this comprehensive model. Table 2.1 shows examples of system structures of
common tribosystems. Note that while the main and opposing bodies are principal elements
and can be found in every tribosystem, intermediate and surrounding media can be missing
in certain cases. An additional classification can be made according the system boundary.
A closed system consists of two bodies whose stressed areas are repeatedly in contact. In
an open system, on the other hand, the main body is continuously stressed by new material
zones of the counter body. [Grote and Antonsson, 2009, p. 296]
The relevant properties of the elements can be separated into material, geometry and physical
parameters.

Input Variables

The input (or operating) variables are characterized by the progress and duration of mechan-
ical loads, temperatures, velocities, types of movement (sliding, rolling, flowing, impact) as
well as patterns of movement (continuous, oscillating, intermitting).

Tribological Loading

The tribological load originates in the stress collective and describes its impact on the system
structure. The representing parameters are dynamic, highly influenceable by the system
configuration and only present when the TTS is operating. Above all, it is important to
state that the characterizing variables, like contact geometry, surface pressure or lubrication
thickness, can not be anticipated by considering the engaged system elements individually.

Tribological Processes

Friction and wear mechanisms and their interdependencies are commonly referred to as tri-
bological processes. They are caused by the tribological loading and ultimately result in
wear induced material losses and friction induced energy losses.

Tribometric Parameters

Tribometric parameters are numeral values that epitomize material and energy losses as well
as changes in the system structure.

The above explanations highlight that the tribological behaviour of a TTS is rather a system
response to the occurring loads, than an accumulation of material properties. Complex and
irreversible processes take place - especially in the boundary layers - and influence each

7
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Table 2.1: System structure of common tribosystems [Grote and Antonsson, 2009, p. 297]

TTS Base Counter- Interfacial Ambient System
Body body Medium Medium Type

Press and shrink joints Shaft Hub - Air Closed
Sliding bearing Journal Bearing bush Oil Air Closed
Mechanical face seal Seal head Seat Liquid or gas Air Closed
Gear train Pinion Wheel Gear oil Air Closed
Wheel/Rail Wheel Rail Moisture, dust, ... Air Open
Excavator bucket/

Bucket Material - Air Open
Excavated material
Turning tool Cutting edge Workpiece Lubricant Air Open

other. Thus, a thorough and systematical description can only result from obtaining friction
and wear parameters. Details on friction and wear, including their characterizing values, can
be found in the following sections.
Appendix A ‘Wear related Terms and Definitions’ features an abundant list of terms and defi-
nitions regarding friction and wear, including the German translation, a general classification
and a short explanation.

2.3 Friction

From a macroscopic point of view, friction is perceived as the collectivity of forces and
mechanisms that opposes the relative movement of two subtended bodies. This notion is
perspicuous and taught at a very early stage of any technical study programme.
However, the real complexity that is comprised by the well known equation

FR = FN · µ (2.1)

(µ = friction coefficient), is disguised by its simplicity. The mechanisms responsible for fric-
tion are complex, highly system dependant and, above all, they are amplifying and manipu-
lating each other. Various mathematical models and respective theories enable and facilitate
a description of single processes. A relevant anticipation of the overlapping and interde-
pending of various mechanisms is not yet realizable. Friction, as defined by Equation 2.1,
can therefore be understood as the substitutional solution for the mathematical problem of
friction.

2.3.1 Historical Review

Friction is a dominant in nearly every aspect of life - influencing nature as well as engineering
applications. Consequentially, early records of the methodic use of friction exist, dating back
400,000 years.

8



2.3. FRICTION

Although systematically applied throughout history (Neanderthals using flint stones - 200,000
B.C.; Egyptians and Sumerians applying lubricants to move heavy objects - 2,400 B.C.)1, it
was not until Leonardo da Vinci (1452-1519) that first analytical studies were performed.
Even though the concept of Force was not adequately defined for another 200 years (Sir
Isaac Newton, 1687 Principia2), Da Vinci already formulated the following statements3:

“The friction made by the same weight will be of equal resistance at the be-
ginning of its movement although the contact may be of different breadth and
length.

Friction produces double the amount of effort if the weight is doubled.”
[Leonardo da Vinci, 1452 - 1519]

These two observations, as well as da Vinci’s introduction of the friction coefficient as the
ratio between the friction force and the normal force are still valid today. That is with some
limitations. Equation 2.1, often also referred to as Amontons’ or Coulomb’s Friction Law
indicates that the friction force is independent from the contact area and the relative velocity
between the two bodies engaged in the tribological process.
It is true that minimizing the geometric contact area (A = a · b) by half, while leaving the
normal force constant, the friction force will not change in value. In real technical appli-
cations the asperities of materials lead to a discrete number of micro contacts (Ai), which
increases with rising surface pressure. That means that while the geometric contact area is
bisected, the real contact area Areal

Areal =
n∑

i=1

Ai
r, (with A >> Areal) (2.2)

increases due to elevated surface pressure. Thus an influence of the contact area can not be
neglected categorically. [Sommer et al., 2010, pp. 8-9]
For an extensive disquisition on the history of friction see Dowson [1998].

2.3.2 Classification of Friction

Friction occurs in numerous forms and variations. The following section gives an overview
on the prevalent types of categorization in accordance with the GfT [2002]. Identifying
the nature of the exerting friction is crucial, as it gives information on the prospective wear
behaviour and needs to be simulated accurately in eventual testing configurations.

General Classification

Apart from the obvious and general classification of friction in friction of two separate bodies
(external friction) and friction between material sectors belonging to the same body (internal
friction), a further distinction whether an external force/torque results in actual motion is

1[Dowson, 1998]
2[Pourciau, 2006]
3[Persson, 1998, p. 10]
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Figure 2.2: Friction according to motion types [Grote and Antonsson, 2009, p. 302]

made. Static friction (FRstat) occurs at the very beginning of relative motion or if the applied
external force is not big enough to initialize motion at all. Either way, FRstat does not
cause energy dissipation and is therefore regarded loss-free. [Sommer et al., 2010, p. 10]
As soon as motion sets in, the minimal force needed to sustain that motion is referred to as
kinetic/dynamic friction (FRdyn). The dynamic friction force acts tangentially in the interface
between the two bodies moving relatively to each other and is opposed to the direction of the
movement.

Friction Type

Dynamic friction can be further divided according to the type of movement. The main motion
types are rolling, sliding and spinning. Figure 2.2 illustrates these principal types of move-
ment on the basis of practical applications. Additionally, mixed variations are depicted. One
friction type that is not shown in Figure 2.2 is impact friction. It is caused by the striking of
one body against another.

All types of kinetic friction are subjected to mechanical losses. The main part of the energy
loss can be attributed to heat conversion. While minor fractions of energy are saved in the
material as lattice defects or are emitted through vibrations, wear mechanisms also contribute
to this energy dissipation. [Sommer et al., 2010, p. 10]
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Friction State

Even though friction is desired in some cases (for instance for friction couplings, brakes,
self-locking of screws), in most cases friction is tried to be minimized. This can be achieved
by lubricating the contact area. Depending on how effective this separation of the two solid
bodies is, another classification of friction can be made.
The main friction states are solid, fluid, gas and mixed friction. Solid friction exists between
materials that possess solid properties and are in direct contact. There are two subcategories.
If the solid friction partners also feature boundary layers (with modified properties compared
to the base material), it is referred to as boundary-layer friction. Boundary friction, on
the other hand, prevails if the boundary layer is composed of molecules derived from a
lubricant. The difference between boundary friction and fluid friction is the neglecting of
the lubricant’s hydrodynamic effects due to little velocities and/or quantities in boundary
friction. Fluid friction is a version of internal friction. It occurs either between liquids or if
solid bodies are entirely separated by a fluid (lubrication film). Gas friction characterises a
friction state similar to fluid friction, with a gaseous film separating the rigid material zones.
Mixed friction is a combination of other friction states, usually of solid friction (boundary
friction) and fluid friction.
Figure 2.3 demonstrates common friction states in a radial sliding bearing. In addition to
the above mentioned friction states, a further classification of fluid friction into elastohydro-
dynamic (EHL) and hydrodynamic (HL) friction can be identified. In both cases the solid
friction partners are entirely separated by the lubricant. HL friction features lubricating film
thicknesses that are considerably higher than the roughness peaks. Also in elastohydrody-
namic friction the solid friction partners are segregated by the lubrication film, however the
film thickness is not as distinct and the base material deforms elastically under the imposed
stresses. [Czichos and Habig, 1992, p. 199] The specifications, fulfilling requirements,
causes and effects of these lubricated friction states are described by the science branch of
lubrication. Due to the limited scope of this paper, lubrication will not be further discussed
in the following sections.

2.3.3 Mechanisms of Friction

The mechanisms of friction have been introduced above as being a subset of the tribological
processes. As already stated, they are caused by the stress collective acting on the TTS and
appear as motion hemming and energy dissipating processes. The main mechanisms of solid
friction are presented in this section.

Adhesive Bond Shearing

In general adhesive bond shearing can be described as the formation and destruction of
atomic and molecular bonds between the two friction partners. It takes place in the real
contact area (Areal) between two solids. As the contact area migrates under relative motion
and varies due to changing normal forces, also the bonds reform and break up continuously,
causing energy to dissipate. Influencing factors are the ductility of the interacting materials,
the density of free electrons in the contact area, surface layers and of course intermediate
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Table 2.2: Variation of friction coefficient of different material pairings that can be
attributed to adhesion [Czichos and Habig, 1992, p. 80]

Coefficient of Friction (µ)

Material Pairing Solid Friction Solid Friction Boundary Friction
in Vacuum in Air (humid) Mineral oil

Copper/Copper > 100 1.0 0.08
NaCl/NaCl 1.3 0.7 0.22
Diamond/Diamond 0.9 0.1 0.05
Sapphire/Sapphire 0.8 0.2 0.2
Glass/Glass 0.5 1.0 0.28

and surrounding media.

A low formability, like in hexagonal closest packed (hcp) metals (for example Zn, Mg), leads
to small real contact areas and subsequently to low adhesive bond shearing. Also materials
with a low density of free electrons in the friction interface, as in transition metals (like Fe,
Co, Ni), are less prone to this friction mechanism. [Czichos and Habig, 1992, pp. 75-79]

The adhesion narrowing influence of existing oxidation layers and separative media is obvi-
ous and needs no further clarification.

Table 2.2 highlights the variation of the friction factor µ with different material and environ-
mental combinations. It demonstrates again that the coefficient µ is not a material pairing
constant, but rather a function depending on the system structure and triblolgical loads.

Plastic Deformation

Two solid bodies with distinct roughness profiles under normal loads and relative motion are
subjected to plastic deformation in the contact area, thus energy is dissipated.

Abrasion

Abrasion takes place as the asperities of two solids with different hardnesses are moved
relatively to each other. Peaks in the surface roughness or even already formed particles are
forced into the softer material. The resistance of the deformed material adds to the friction
component.

Hysteresis Losses in Elastic Deformation

Elastic deformation is stored as intrinsic distortions inside the material structure. Ideally, the
shape of a material should return to its original dimension once the deforming mechanical
load is removed. However, in real applications a hysteresis is observed, as in addition to the
distortions also vibrations are introduced into the lattice.

13
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2.4 Wear

Wear is the progressive material loss in the contacted surface region of a solid body. It is
induced by mechanical loads that are generated by the relative motion of two contacting
bodies. [GfT, 2002][DIN 50320]
It is the, in most cases, undesirable material incline or surface disturbance due to tribological
strains.

2.4.1 Wear Types

Defining the types of wear can be done according to different aspects. On the one hand the
friction type can serve as a point of reference. Sliding friction generally leads to sliding
wear, rolling friction accordingly causes rolling wear. Such an approach is adequate when
two solids interact without foreign particles involved. If the TTS includes foreign particles a
further differentiation according to the involved materials is usually made. In this context it
is often referred to erosion processes (hydroerosion, gas erosion, fluid erosion). Sometimes
the wear type is also classified according to its underlying physical mechanism (abrasive
wear, adhesive wear, fatigue wear, tribochemical wear). [GfT, 2002]
Either way, listing all types of wear in a complemented and comprehensible way is not pos-
sible. Especially because real technical applications are not limited to the idealistic motion
types and feature many combinations of them instead. In addition wear types and their un-
derlying mechanisms can change over a period of time, due to altered contact geometries
and the influence of already formed wear products.
See Appendix A for an elaborate list of wear types. Figure 2.4 illustrates the main wear types
based on predominant tribological strains. Besides practical examples that can be assigned
to the specific wear type, also an overview on the effective wear mechanisms is given. Please
note that this is solely a suggestion. Even specialized literature deviates when comparing the
exact wear processes of these idealized tribological configurations. Compare GfT [2002, p.
14], Czichos and Habig [1992, p. 101] and Sommer et al. [2010, p. 15].

2.4.2 Wear Mechanisms

Adhesion

Adhesion denotes the formation and destruction of atomic bonds in the contact zone. The
bonds can form because protecting surface layers are removed by other wear mechanisms or
because of the nature of the process itself (for example during machining). Active material
zones are pressed against each other and form adhesive bonds that often possess higher
strength characteristics than the original materials. So when a relative movement forces
the separation of the two materials, the rupture does not occur in the prior contact area, but
rather above or underneath the bonding course. Thus material is transferred from one friction
partner to the other (see Figure 2.5). Influencing factors correspond with the causes for
adhesive friction (formability, electron density, protective layers, surrounding/intermediate
media). [Czichos and Habig, 1992, pp. 111-112]
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2.4   Verschleißmechanismen 17 

Der Faktor kad steht für die Wahrscheinlichkeit der Entstehung von Verschleißpartikeln und 
kann sich über mehrere Größenordnungen erstrecken.  
Durch lokale Mikroverschweißungen (Fressen) rauen sich die Oberflächen auf, wobei charak-
teristische Erscheinungsformen wie Riefen, plastische Verformungen, Scherwaben, Werk-
stoffübertrag, Schubrisse, Gefügeumwandlungen entstehen. In Bild 2.6 und 2.7 sind Beispiele 
adhäsiver Verschleißerscheinungsformen wiedergegeben.  
 

 
Bild 2.6: Adhäsiv bedingte Riefen im Fußbereich einer Zahnflanke aus 20MnCr5 unter Verwendung des 

Schmierstoffes FVA-3HL + 4,5 % Anglamol 99 bei Mischreibung (links) und Werkstoff-
übertragung auf einem gehärteten Schlagbolzen eines Presslufthammers bei Mangel-
schmierung (rechts) 

 
 

 
Bild 2.7: Verformungswaben auf Neusilber Cu62Ni18Zn20 (links) und Schubrisse auf ZStE 300 

(rechts) im Hertzschen Linienkontakt bei Ultraschallanregung einer gehärteten Scheibe aus 
100Cr6 gegen eine ruhenden Flachprobe; Beanspruchungsbedingungen: Ultraschallfrequenz 
20 kHz, p = 220 N/mm², Amplitude ±10 µm, Dauer des Ultraschallsignals 50 ms entsprechend 
1000 Schwingungen, Schmierstoff unlegiertes Ziehöl der kinematischen Viskosität � = 300 
mm²/s 
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Figure 2.5: Left: Characteristic adhesive material transfer on a hardened striker;
Right: Shear cracks on a disk (HC260LA) [Sommer et al., 2010, p. 17]

In the context of adhesive wear it is often referred to micro welds (fretttings) that lead to
scuffings, galling areas, holes, plastic shearings and material transfer. [Grote and Antonsson,
2009, p. 306]

Abrasion

Abrasive wear can be attributed to the concurrent existence of pronounced roughness asper-
ities and dissimilar material hardnesses of the elements in a TTS. The increased hardness
can be featured by the opposing body itself, the particles in the intermediate medium or the
already formed wear fragments.
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Bild 7.6: Beispiele für die Grundmechanismen des abrasiven Verschleißes [4] 
 
 
• Mikroverformen: Abtragloses Furchen mit seitlichem Aufwerfen von Werkstoff entlang 

der Ritzspur und vor dem Abrasivkorn. Wiederholtes Mikroverformen führt zu Mikro-
ermüden durch Erschöpfung des Verformungsvermögens (hier nicht bildlich dargestellt). 

 
• Mikrospanen: Furchen durch Herausschneiden von Werkstoff entlang der Ritzspur. Die 

Spanform hängt vom Gefügezustand und von der Geometrie des Kornes ab: Scherspan bei 
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Micro CuttingMicro Ploughing Micro Fracture

Figure 2.6: Examples of abrasive micro ploughing, micro cutting and micro rupture
[Sommer et al., 2010, p. 376][Czichos and Habig, 1992, p. 109]

Depending on the behaviour of the base body when it is penetrated by the harder friction
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Figure 2.7: Exemplary appearance of tribochemically formed wear particles
[Czichos and Habig, 1992, p. 128]

partner, four types of abrasive wear can be differentiated. Micro ploughing is highlighted
by the plastic deformation of the base body. In ideal cases no material removal takes place.
Micro cutting on the other hand results in an immediate material removal, as chips are formed
by the abrasive roughness peaks/particles. The inclination angle of the engaged abrasive
partner primarily determines whether micro ploughing or micro cutting is more likely to
takes place. A process that can also be allocated to the wear mechanism of surface fatigue
is micro fatigue. It is triggered by local material fatigue due to repeated contact with harder
roughness peaks/particles. Micro fracture is caused by the local exposure of the base body
to a critical load and is especially observed in brittle materials. [Czichos and Habig, 1992,
pp. 108-109] Scratches, grooves and ripples are observed consequences of abrasive wear.
See Figure 2.6 for examples.

Tribochemical Wear

Tribochemical wear is caused by chemical reactions of the base and/or counter body with the
surrounding and/or intermediate medium. The reactivity of metals is increased by thermal
and mechanical activation during the triboprocess. In metals especially oxidation takes place
in the micro contacts. The formed metal-oxides are very prone to brittle rapture if the loaded
stress exceeds a critical value. This produces wear particles with altered characteristics that
contribute to abrasive wear. On the other hand it is also a so formed oxidation layer that can
prohibit adhesive wear. [Czichos and Habig, 1992, p. 115]

Figure 2.7 illustrates a characteristic surface exposed to tribochemical wear.
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20 2   Tribologische Grundlagen 

Kennzeichnend für die Riefung durch Abrasivstoffe ist die Verschleiß-Tieflage-Hochlage-
Charakteristik und das Härteverhältnis zwischen Abrasivstoff und Werkstoff. Geringer Ver-
schleiß (Verschleiß-Tieflage) stellt sich dann ein, wenn der Abrasivstoff weicher als der 
Grundwerkstoff ist, ein heterogener Werkstoff mit harten Phasen oder metastabiler Restauste-
nit vorliegt. 
 
Der Begriff Abrasion wird auch bei den Verschleißarten Zweikörper- und Dreikörper-
Abrasivverschleiß verwendet, wenn der Abrasivstoff ein wesentliches Element der System-
struktur darstellt (vgl. Kap. 7 Abrasivverschleiß).  
 
 
2.4.3   Oberflächenzerrüttung 
 
Oberflächenzerrüttung ist allgemein die Folge zyklischer Beanspruchung von Festkörperober-
flächen. Nach Akkumulation einer größeren Zahl von plastischen Deformationsanteilen ent-
stehen Anrisse, die sich ausbreiten und bei fortgesetzter Beanspruchung zu Ausbrechungen 
führen. Die Phase bis zu den Ausbrechungen stellt die verschleißlose Inkubationsphase dar. 
Die Zerrüttung kann auch dann auftreten, wenn die Beanspruchung makroskopisch elastisch 
ist, im Mikrobereich aber Versetzungen aktiviert werden, die sich an Hindernissen aufstauen 
und so das weitere Energieaufnahmevermögen begrenzen, wodurch es zum Anriss kommt. 
Besonders bei Wälzkontakten (Normal- und Tangentialkräfte) können wechselnde Zug- und 
Druckspannungen zu Werkstoffzerrüttung führen, wobei die Lage des Spannungsmaximums 
für den Schadensort maßgebend ist, vgl. Kap. 6 Wälzverschleiß. Im elastohydrodynamischen 
Kontakt (EHD-Kontakt) liegt das Spannungsmaximum unterhalb der Oberfläche. Mit zuneh-
mendem Festkörpertraganteil verschiebt sich das Maximum infolge erhöhter Reibung an die 
Bauteiloberfläche. Solange EHD-Schmierung vorliegt, bilden sich die Risse im Werkstoff 
unter der Oberfläche, während im Bereich der Mischreibung oder Grenzreibung die Risse von 
der Oberfläche ausgehen und unter bestimmten Winkeln zur Oberfläche ins Werkstoffinnere 
wachsen, Bild 2.10. Mit zunehmender Beanspruchungsdauer brechen keilförmige Partikel 
heraus, was zu einer progressiven Schädigung der Oberflächen führen kann. 
 

 
 
Bild 2.10: Grübchenbildung an Zahnflanke durch Oberflächenzerrüttung [22, VDI 3822, Blatt5] Figure 2.8: Progressing pit mark on a tooth flank that is caused by surface fatigue

[VDI 3822, Blatt 5]

Surface Fatigue

Tribotechnical systems are often exposed to periodically changing and alternating stresses.
If the changes between multiaxial tensile and compressive stresses exceed the material spe-
cific tensile strength or lower intermittent stresses are applied over a long period of time,
surface fatigue will lead to a decrease in strength and the formation of cracks in surface-near
areas. Eventually, a material loss takes place in form of cracks, pittings or flakings (compare
Figure 2.8).
Operating experiments show that surface fatigue is especially common in Hertzian4 contact
zones. It has been also observed that elastohydrodynamic friction results in cracks that orig-
inate underneath the surface, while mixed and boundary friction are susceptible to cracks
on the surface that advance inwards. Surface fatigue can be phased into an incubation pe-
riod, during which lattice defects accumulate, the formation of first submicroscopic cracks
and their development to micro cracks, the crack extension combined with the merging of
cracks and of course the final rupture of the material. Properties that slow progressing surface
fatigue are internal compressive stresses, homogeneous structural conditions and increased
material hardnesses. [Habig, 1980; GfT, 2002; Sommer et al., 2010; Czichos and Habig,
1992]

2.4.3 Wear Quantification

All of the above findings conclude that wear ultimately results in a removal of material.
Accordingly the quantitative assessment of wear is based on investigating the lost material.
Several characterizing values describing wear have been formulated and can be further di-
vided into direct and indirect parameters.

4See also Figure 5.3 ‘Contact mechanics according to Hertzian theory’ on page 48.
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• Direct Wear Characteristics

– Wear amount - Mass loss [kg], linear dimension change [m], volume loss [m3]

– Wear resistance - 1/(Wear amount) [1/m, 1/m3, 1/kg]

– Wear rate - (Wear amount)/(Time or travelling distance) [m/m, m3/m, kg/m,
m/s, m3/s, kg/s]

– Wear coefficient - (Wear rate)/(Normal force) [m3/Nm]

• Indirect Wear Characteristics

– Wear-limited service life - For example number of parts of a cutting tool before
it fails.

– Wear-limited throughput - Used primarily for the transport of abrasive material
and is measured in number of parts or kg before failure.

The most direct method to gain the material mass deviation is weighing the parts before and
after the tribological strain is applied. However, this measuring technique is highly prone to
errors. As explained above, a material transfer between elements of the TTS is very common.
So is the formation of oxidation layers. Both mechanisms will distort the values captured
through balancing as they actually increase the mass of the worn part. In addition, the appli-
cability of balancing is limited to wear processes with a mass change larger than 1 mg in a
specimen not heavier than 0.5 kg, due to the sensitivity of the balance. If the wear progress
needs to be monitored over a period of time an additional problem arises: in order to weigh
the specimens several times during the course of wear a repeated disassembly/reassembly
can not be avoided. The chance that the contact zone and consequently the predominant
wear mechanisms are altered and corrupted are extremely high.

In comparison, retrieving data on dimensional changes seems to be more accurate. The pre-
dominant method is to measure the distance between the mounting fixtures of the two tribo
elements. One major advantage is the ability to monitor the wear progress continuously
without interruption. Nevertheless, also in this method the wear mechanisms impose spe-
cific peculiarities that require a thorough interpretation. Figure 2.9 gives an example of an
alumina ball sliding continuously on an alumina disc. The graph shows that the displacement
increases consistently at the first third of the monitored process. This would suggest a neg-
ative wear. The results can be explained by an accumulation of wear products of the larger
friction scar (disk) on the smaller friction scar (ball), thus increasing the distance between
the measuring points. When the wear particles break off, the distance decreases abruptly,
followed by new friction particles amassing in the contact area. The change in friction force
can be attributed to modifications of the surface interactions as well as increasing contact
areas.

Another way to assess the material removal directly is to calculate the volume loss. Of
course this can be achieved by considering the material mass and density. However, the
measuring faults described above persist. In addition eventual material coatings or surface
treatments influence the density in a way that reliable results can not be expected anymore.
Calculating volume changes based on dimensional changes is more preferable. For simple
configurations and in the particular case that only one friction partner is subjected to material
loss, elementary equations are available that retrieve the volume loss on basis of simple linear
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Figure 2.9: Example of on-line measurement of linear wear (total displacement of
ball relative to disc) and friction force during continuous sliding
[Saito et al., 2006, p. 700]

measurements. For example, the wear volume of a ball can be calculated by

Wv,b = (πd2ad
2
p/64r). (2.3)

With da and dp standing for the diameter of the wear scar on the ball perpendicular (da) and
parallel (dp) to the sliding direction and r for the radius of the ball specimen. Naturally, also
this technique faces limitations. Especially regarding the ability to monitor the wear progress
online (continuously).
Most accurate results can be achieved by the topographic acquisition of three-dimensional
profile changes. However, such an approach is only advisable if the resulting wear scar is
distinctively deeper than the surrounding roughness and if an offline consideration is suffi-
cient.[Saito et al., 2006, p. 201]

2.5 Testing Equipment

In the previous sections all significant mechanisms responsible for the degradation of per-
formance, efficiency and value of tribological elements have been listed. For every indi-
vidual process mathematically formulated laws can be found in literature that adequately
describe the function and can predict its outcome to some degree. However, and this needs
to be stressed, the dissipative, non linear and highly dynamic nature of the combination
of all occurring processes can not be mathematically anticipated at the moment. Thus the
experimentally determination of information on the behaviour of friction and wear is still

20



2.5. TESTING EQUIPMENT

Table 2.3: Categories of tribological testing configurations [GfT, 2002]

Cate- Testing type
gory Stress collective System structure

I
Operational or
operation-
related
trials

In-situ tests

Original
parts

Entire engine/
Field tests Entire facility

II
Bench test includes entire Entire engine/
engine or facility Entire facility

III
Bench test includes aggregate Entire aggregate/
or assembly group Assembly group

IV

Small scale
trials

Trials with original parts

Model
samples

Extracted parts/
or reduced assembly group Downsized assemblies

V
Similar stresses imposed Parts with
on test samples similar strains

VI
Model trials

Simple geometries
with simplified specimens

indispensable today. The specific functions of tribologically focused testing procedures vary
to a great extent, just as the scopes of particular examinations do. The following section
gives an overview of different scopes of tribo-testing and a summary of prevalent testing
configurations on a laboratory scale.

2.5.1 Reasons and Categories of Tribological Testing Techniques

DIN 32322 lists several reasons to engage in tribological testing:

• Detection of wear related influences on the overall function of engines

• Monitoring of wear affiliated functionality of engines

• Operation mode diagnostics

• Optimization of parts or tribosystems to ensure a desired service life

• Creation of data and specifications for maintenance purposes

• Preselection of materials and lubricants for practical applications

• Quality control of materials and lubricants

• Wear research, mechanism oriented wear testing

Derived from the above objectives, DIN 50322 differentiates between six categories of test-
ing techniques that are distinguished by featuring different levels of simplification. The
single classifications are summarized in Table 2.3. As you go through the defined categories,
they become more and more abstract and lose some of their significance to the considered
application. However, the overall costs for testing applications IV - VI, as well as the com-
plexity of the testing configuration, decrease proportionally too.
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a)

e)c) d)

b)

a) Pin on disc; b) Pin on ring; c) Pin on flat; d) Crossed cylinders; e) Thrust washers

Figure 2.10: Left: Commonly applied sample geometries for sliding wear tests;
Right: Different assembly types of Pin on Disc configuration
[Gee and Neale, 2002]

As this paper aims at designing and building a testing device on a small scale that should fea-
ture a high degree of control and low complexity, the following chapter focuses on category
VI.

2.5.2 Tribometry

A tribometer is a testing configuration that can be attributed to categories IV - VI. This means
the system structure is highly simplified and the actual parts and assembly groups have been
replaced by samples of simple geometric shapes. This section gives a rough overview of
tribometers that are used in modern-day applications.
Even after excluding all testing configurations that are not allocated to the last category (VI),
giving a complete compilation of currently applied tribometers is not easily achieved. A
NPL (National Physical Laboratory) report from 1997 summarizes a total of 424 different
standards and guidelines for wear testing procedures that were collected in eleven industri-
alized countries. [Owen-Jones and Gee, 1997] It can be assumed that the number of testing
techniques has been further increasing since this publishing. Not included in this figure are
the numerous adaptations of processes that individual institutions generate to meet their spe-
cific demands and can either not be assigned to one standard procedure or are simply not
found in published literature. Saito et al. [2006, pp. 693-670] suggest the differentiation of
this vast number of accumulated techniques according to their main wear types, in order to
gain a clearer view of the current state of the art.

Sliding Wear

Tribometers featuring sliding motions are still omnipotent among laboratory testing appa-
ratuses. During the International Conference on Wear of Materials in 1995, 75 % of all
presented testing modifications could be associate to sliding motion. [Owen-Jones, 1997]
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Gas

a) b) c)

e)

d)

a) Four ball test; b) Balls in bearing race; c) Roller on roller; d) Gas-blast test; e) Centrifugal
accelerator

Figure 2.11: Left: Examples of common wear tests involving rolling motion;
Right: Erosion by solid particles [Saito et al., 2006, p. 695]

In general there are two types of sliding tribometers. Tribometric applications in which the
extent of the relative motion is comparatively large, so that every contact point of at least one
friction partner is out of contact at some point during the testing period, are in contrast to
configurations in which the two bodies are in contact at all times. The type of motion varies
between rotating and reciprocating. Figure 2.10 shows common sample configurations in
sliding wear tests. The pictured pin sample is often replaced by balls or blocks. As depicted
in Figure 2.10 (right), the assembly of the chosen sample geometries has also great impact on
the test results. While in the second case the produced wear debris is trapped in the contact
area, further influencing the behaviour, it can easily escape in the first variant.

Rolling Wear

Figure 2.11 highlights commonly used wear tests involving rolling motion. Bearing races
are a particular case in tribological research, as the original parts feature simple geometries
and can therefore be investigated with rather simple means on a laboratory scale. Due to
the multiple balls the degree of complexity is higher and the controllability is lower than in
comparable applications (compare Four Ball Test, Roller on Roller in Figure 2.11) and might
be substituted by them.

Abrasive Wear

As stated by Czichos and Habig [1992, p. 694], the simplest variant of abrasive wear testing
is the adaptation of sliding tribometers with abrasive coated paper (Figure 2.12 a, d). Due to
permanent contact, however, the paper is damaged and the test results might be compromised
due to its debris. By exposing the test samples to a continuous flow of abrasive particles this
problem can be eliminated (Figure 2.12 b, c, e, f). Whether these particles recirculate within
the system (Figure 2.12 c, e, f) or are replaced by new abrasive media, depends on the
purpose of the test and needs to be considered carefully before deciding on a specific variant.
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Drive shaft Abrasive 
slurry

a)

e)

c)

d)

b)

f )

a) Pin on rotating abrasive disc; b) Plate against rotating wheel with feed of abrasive; c) Block on a
moving plate in a bath of slurry; d) Pin on rotating abrasive disc with spiral track; e) Wear of pin in
rotating pot of slurry; f) Micro-scale abrasion test with rotating ball on plate in presence of abrasive

Figure 2.12: Common test configurations for abrasive wear [Saito et al., 2006, p. 694]

Erosive Wear by Solid Particles

As illustrated in Figure 2.4 ‘Wear types based on different tribological loads’ on page 15,
erosion wear is caused by loose abrasive particles, flowing gas or liquid as well as the com-
bination of both. The specific design depends on the kind of erosive medium, the adjustable
particle (impact) speed and the angle of collision. Figure 2.11 (d,f) gives an example of two
different methods for abrasive erosion simulation.

Based on a typical Pin on Disc configuration, an example shall be given on how much the
scopes of applied technologies can vary in modern day applications. When comparing two
Pin on Disc tribometers from two different suppliers, the ranges between simple and there-
fore economically maintainable configuration to high-tech solutions are demonstrated best.
A rather simple Pin on Disc tribo-tester is provided by TRIBOtechnic. It features adjustable
normal forces by adding/removing weights to the deflection arm that also measures the co-
efficient of friction during the test period. By measuring the disc wear track profile and the
diameter of the worn pin surface, a provided software calculates the wear rate of both friction
partners. The applicable friction force is limited to 6 N , with rotation speeds from 2 rpm -
300 rpm. [Tribotechnic Tt, 2012]

The same basic tribological structure - in a more elaborate way - is supplied by CETR. This
tribometer is able to test several different sample geometries, in different relative motion
types, that are subjected to controlled environmental conditions. The adjustable normal force
can mount up to 1,000 N, with rotation speeds from 0.1 rpm - 3,000 rpm. Another highlight
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is the adaptability of temperature (-25 ◦C - 150 ◦C) and humidity (10 % - 95 % RH). In
order to observe all these parameters, several sensors are included (force sensors ranging
from 1 mN to 1 kN, 6-D sensors for measurement of 3 forces and 3 torques in X, Y and Z
axes, high-frequency acoustic emission sensors, temperature and humidity sensors). [CETR,
2012]
Please note that variant one is in no way dated or obsolete - both solutions represent state-
of-the-art technology, but on different scales.

Trends and Ongoing Research

Based on a survey of 234 applied laboratory tribometers in 1976, Czichos and Habig [1992,
p. 155] identified the basic geometry combination applied in tribometers.
• Ball-Ball contact (Multiple)
• Crossed Cylinders
• Pin-Disc (Alternating or linear movement)
• Flat-Flat (Alternating or linear movement)
• Rotating Pin on Disc
• Rotating Disc on Pin
• Cylinder-Cylinder
• Rotating Cylinder on Pin
• Rotation Cylinder on Block
• Disc on Disc

By comparing this list of predominant sample geometries with the examples of test configu-
rations given above (Figures 2.10, 2.11 and 2.12), it can be seen that in a period of 30 years
no significant changes took place in terms of the basic structure of tribometers. Also the
consideration of presented papers at the European Conference on Tribology in 2011 suggest
that the focus of tribometry research in not on the substitution of system structures. Instead,
studies concentrate on the augmentation of measurement accuracy and the online detection
of friction and wear parameters by designing more effective sensors and measuring methods
(compare Markova et al. [2011]; Ronkainen et al. [2011]; Korres et al. [2011]).
In general the development can be summarized by an increasing level of automatisation and
accuracy. A lot of research focuses on measuring techniques that enable a reliable moni-
toring and recording of friction and wear parameters on site and in real time. Furthermore,
progress is made versus applications in nano scales. A significant part of tribology is now
concentrating on the interaction of technical components within the human body, investigat-
ing artificial joints, their wear behaviour and the effects on the patient’s health.
A rather new topic is the idea of hot tribology - the tribological behaviour of systems at el-
evated temperatures. The knowledge gained from this branch of research - today still in its
fledging stages - will especially be of interest for hot forming applications.
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Chapter 3

Forming Technologies

Forming technologies comprise all manufacturing techniques that permanently deform solid
bodies into new shapes while preserving the material’s cohesion and mass.
This chapter gives an overview on the prevalent forming techniques, their physical funda-
mentals, as well as a succinct review on the historical development, before going into further
detail regarding deep drawing applications and prevalent coating methods.

3.1 Introduction

3.1.1 Historical Development

First evidences of forming applications can be traced back to prehistoric times. Archaeolog-
ical finds prove already existing forming knowledge in the period between 5000 and 4000
B.C.. Within this epoch gold and copper were hammered into distinct shapes. In 1400 B.C.
primordial sheet metal presses were introduced - metal sheets were put on dies, weighed
down with leather or wood and pressed into shape.
Further milestones:
• 900 B.C (Begin of Iron Age): More complex dies for the sheet forming are introduced.
• Roman Empire - 13th century: No considerable enhancements of techniques - contin-

uous spreading of existing knowledge.

Left: Greek bronze die (700 B.C.) Right: Roman forging illustration on vase

Figure 3.1: Historic evidence of forming applications [Doege and Behrens, 2010, p. 2]
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• 14th - 18th century: The importance and applicability of iron processing increases
consistently.
• 15th century: First appearance of pile-driving machines.
• 15th century: Forging becomes competitive regarding casting for the first time.
• 18th century: First hydraulic press (England, 1789).
• End of 19th century: Industrialization of the - up to that time - rather manual applica-

tions.
For further information on the historic development of forming technologies see Doege and
Behrens [2007, 2010].

3.1.2 Economic Relevance

Fritz and Schulze [2010, pp. 390-391] summarize some evident advantages of forming tech-
nologies in general, all of which result in significant economic benefits.
Improved material efficiency In direct comparison to machining processes, modern form-

ing technologies need 10 % to 50 % less material.
Reduction of processing times Reduction of processing times up to 30 %, when consider-

ing conventional manufacturing techniques, are not uncommon. This can be accredited
to higher output rates due to accelerated stroke rates and automated loading and un-
loading apparatus, paired with multipe maschine operations.

Quality refinement of processed part Increased dimension accuracy and surface quality.
Some forming techniques are able to realize very narrow tolerances. Impact extru-
sion, for example, succeeds in creating wall thickness deviations of ± 0.01 mm (at �
600 mm).

Increase of material strength Several cold forming techniques result in significant strength
raises due to work hardening processes. Cold extrusion methods may increase the
steel strength by up to 120 %. Of course also this aspect has an immediate effect on
the economic relevance, as low strength - and therefore cheaper - raw parts can be
purchased and used for high-strength applications as well.

Shape stability Unlike cutting techniques, forming technologies do not destroy the grain
flow in materials. As it stays homogeneous throughout the part’s geometry, a distinct
increase in the shape stability as well as a reduction in the susceptibility to notch effects
can be observed.

3.1.3 Classification of Forming Technologies according to DIN
8582

DIN 8580 specifies that forming techniques are technologies that modify the shape of man-
ufactured parts, while preserving material cohesion.
A further categorization of forming technologies is suggested by DIN 8582, dividing the
methods according to the present stress conditions (see also Figure 3.2).
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Forming under Compressive Conditions
• Rolling

• Open Die Forming

• Closed Die Forming

• Coining

• Extrusion

Forming under Tensile-Compressive Conditions
• Drawing or Stripping

• Deep Drawing

• Flange Forming

• Spinning

• Upset Bulging

Forming under Tensile Conditions
• Extending by Stretching

• Expanding

• Stretch Forming

Forming by Bending
• Bending with Linear Die Movement

• Bending with Rotary Die Movement

Forming under Shearing Conditions
• Displacement

• Twisting

Besides the above described itemization of forming technologies, a certain method is also
commonly classified as either bulk (also massive) or sheet metal forming as well as hot or
cold forming technique. The refinement between massive and sheet metal forming is ob-
vious. The distinction between cold and hot forming technologies, however, needs further
explanation. The general classification is often made according to occurring forming tem-
peratures. If the temperature is higher than the recrystallization temperature of the formed
part, the forming method is referred to as hot forming technology. Even though this def-
inition seems well-defined, it might be subject to misunderstandings. As highlighted by
Klocke and König [2006, p. 15], hot forming temperatures are reached at both 450 ◦C (Iron;
TS =1536 ◦C) as well as 3 ◦C (Lead, TS =327 ◦C).

In order to distinctively classify hot forming applications, the forming velocity is examined
as well. If the recrystallization velocity is faster than the forming velocity - no work harden-
ing occurs, as the microstructure reforms continuously - hot forming takes place.
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Rolling Wire Drawing

Tensile-Compressive ConditionsCompressive Conditions Tensile Conditions

Deep Drawing

Extending by Stretching

Closed Die Forging

Expanding

Stretch FormingSpinning

Coining Flange Forming Bending

Bending

Extrusion Upset Bulging Shearing Conditions

Twisting
M t

M t
90°

Open Die Forging

Figure 3.2: Forming techniques according to DIN 8582 [Fritz and Schulze, 2010, p. 390]

3.2 Deep Drawing

DIN 8584 characterizes deep drawing as the forming of a planar sheet metal (foils, plates)
into a hollow shape under prominently tensile-compressive stresses, without the intended
decrease of the wall thickness. Often several forming steps are necessary for the generation
of a required shape.
Deep drawing occupies an exceptional position among the sheet metal forming techniques,
as it is the most significant manufacturing technology for the production of three-dimensional
sheet parts. It is omnipresent; in high volume production branches (automotive industry) as
well as in small series (aviation industry).

3.2.1 Procedural Principle

The process of a deep drawing operation can be explained regarding Figure 3.3, where a
drawn cup is formed out of a plain metal sheet. The configuration always consists of a
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Blank 
holder
Blank 
holder

Punch

FBH FBH

FP

Flange

s1
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dp
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Figure 3.3: Principle of deep drawing [adapted from Grote and Antonsson, 2009, p. 595]

a = Material that needs to be bent
b = Material that needs to be moved 

Before forming operation After forming operation

Figure 3.4: Resulting material reallocation during the drawing of a cup
[Klocke and König, 2006, p. 324]
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drawing punch, a drawing die and blank holders. The - in this case circular - blank is formed
by the rigid punch into the die cavity. As the punch is lowered, the sheet material is drawn
into the die, reducing the outer diameter of the blank. The blank holders allow the material
to flow inwards and mainly serve to make sure that there are no wrinkles forming in the area
of the flange. The determination of the right blank holder forces is one of the challenges in
controlling the process.
Figure 3.4 demonstrates how the material has to relocate in order to form a drawn cup.
Sections a are bent up to form the cup’s frame, pushing sectors b upwards into positions
b′ (Ab = Ab′). During this rearrangement of material the rim area is both stretched and
compressed, while the bottom part of the cup is hardly deformed.
The punch force acts on the plastic deformation indirectly, as it is introduced through the
bottom of the cup while the deformation takes place in the flange and rime area. This leads
to a very distinctive stress condition and subsequent wall thicknesses that are illustrated in
Figure 3.5.

3.2.2 Characterizing Parameters












0.92 0.87
0.85

0.80

1,31 * s0

0 =1.7

Figure 3.5: Left: Stress conditions of a volume element in a deep drawn cup [Klocke
and König, 2006, p. 327]; Right: Variation of wall thickness [Doege and
Behrens, 2010, p. 287]

Stress Conditions and Effective Strain

Figure 3.5 (left) shows a volume element and its corresponding stress conditions during the
drawing progress. At the beginning of the process, when the volume element is in the flange
area, it is subject to tensile stress in radial direction and compressive stresses in tangentially
and - if blank holder forces are applied - axial direction. In the intersection between flange
and frame the element is bent twice. First, the sheet is bent over the die radius (rfd), and then
it is reversely bent into the cylindrical frame of the cup. The tensile stress condition present
in the cup frame is a result of the radial stresses in the flange, the bending stresses caused
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Figure 3.6: Natural strain distribution of drawn cup [Klocke and König, 2006, p. 328]

by the die radius and the interfering friction forces. This uneven exposure to different stress
conditions leads to unequal natural strains (ϕ) in the specific cup areas. The initial shape
thickness s0 is only maintained in the middle of the cup base. It decreases in direction of
the base edge, with a minimum within the range of the punch radius. This is consequently
the section most prone to cracks. Once the blank has entirely taken the shape of the forming
punch, a tensile-compressive stress condition arises, causing the wall thickness to increase
with increasing cup height. The maximum of the wall thickness (smax > s0) is located at the
upper edge of the cup frame (see Figure 3.5 b).

This rather simple configuration and its locally varying stress conditions suggests that more
complex geometries are much harder to anticipate and maintain a constant material flow. As
the local strains can not be anticipated and the sheet thickness is very difficult to measure,
sample parts with applied measuring grips are formed from which the radial and tangential
deformation can be obtained. Figure 3.6 shows the main natural strains of a deep drawn cup
in relation to the developed view. With the main normal strains the effective strain can be
determined, and - by considering a flow curve of the applied material - assumptions of the
strength behaviour can be gained. [Klocke and König, 2006, pp. 326-330]

Drawing Ratio

Equation 3.1 represents the drawing ratio, with d0 being the blank diameter before forming
and d1 being the inner diameter of the drawn cup (equal to the punch diameter).
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β =
d0
d1

(3.1)

It is a parameter that describes the degree of deformation of a deep drawing application. The
drawing ratio is limited, as the material will fail eventually with too high drawing depths. Ac-
cordingly, βmax describes the maximum drawing ratio that must not be exceeded. For non-
alloy steels and initial drawing steps, a maximum drawing ratio (β0) of 2.0 can be achieved.
Subsequent drawing steps reach maximum drawing rates (βn) of 1.3 (without work anneal-
ing) and 1.7 (with intermediate annealing process). The drawing ratio depends highly on the
friction conditions and decreases with increasing punch diameter. [Klocke and König, 2006,
p. 330]

Anisotropism of Sheet Metals

Metals are made up of unit cells that do not possess the same properties when examining
different directions. This is especially true for sheet materials. Due to the forming process
(casting, rolling) a characteristic texture - and therefore a distinct preference to deform plasti-
cally in certain directions - develops and needs to be taken into consideration. The value that
gives information on the anisotropism of a specific material is called vertical anisotropy r.
It is obtained from tensile tests and defined as the ratio between the natural strains regarding
the width and thickness of the tested sheet.

r =
ϕ2

ϕ3

=
ϕb

ϕs

(3.2)

For r = 1 an isotropic behaviour of the sheet metal can be expected, as the material deforms
equally in direction of the width and thickness of the sheet. Accordingly, a value below 1
means that the plastic deformation occurs preferentially in the thickness direction, and vice
versa. For deep drawing applications a high value of r is strived for, as the one of the main
characteristics of deep drawing is the constant sheet thickness. If the metal sheet features a
distinct texture that origins in its production, the anisotropy depends highly on it and varies
when considering different orientation of the sample regarding the rolling direction. This
effect is acknowledged by the planar anisotropy:

∆r =
r0◦ + r90◦

2
− r45◦ (3.3)

A pronounced planar anisotropy leads to unfavourable earings in deep drawing applications.
[Klocke and König, 2006, pp. 84-86]

Forming Limit Curve (FLC)

Figure 3.5 (left) depicts the varying stress condition of a volume element during the forming
process of a symmetrical cup. When keeping this - rather simple - configuration in mind,
it is obvious that a more complex part will be subject to a vast number of stress conditions
that can differ, both, in type and size. While the drawing ration can provide information on
the feasibility of a drawing process in general, it does not distinguish between different areas
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Abbildung 2.62: Grenzformänderungsschaubild [HASE77]

Neben der Erprobung und Auslegung neuer Werkzeuge wird die Form-
änderungsanalyse in der Praxis auch häufig zur Kontrolle der laufenden Fer-
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Figure 3.7: Example of a forming limit diagram (FLD) of a cold-rolled sheet metal
[Klocke and König, 2006, p. 128]

of the drawn part. In order to identify critical part areas, forming limit diagrams (FLD) are
consulted. They are experimentally obtained and indicate forming limitations for different
sheet metals. Figure 3.7 gives an example of a FLD for cold-rolled steel strips. The continu-
ous line indicates forming limit and therefore the material failure. Stress conditions that are
below that line are tolerated. The FLC is influenced by numerous factors. One parameter
that can alter the form and position of the curve is the forming history - that means it is be
different for subsequent drawing steps. Other influencing factors include the temperature,
the sheet thickness, the forming velocity, the lubrication, the geometry and so on. [ETH,
2011; Klocke and König, 2006]

3.3 Tribology in Forming Applications

In this section the general knowledge on tribology gathered in Chapter 2 is applied to forming
processes.

3.3.1 Tribosystem

As stated in Section 2.2, any technical operation can be described as tribotechnical system
(TTS) - the simplified model of a real technical application that detaches all elements in-
volved in friction and wear from their surrounding. Figure 3.8 depicts such a TTS for a
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Tribosystem
Forming Application
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Figure 3.8: Forming process depicted as tribotechnical system
[Czichos and Habig, 1992, p. 454]

forming process.

According to the introduced denomination, a TTS for a deep drawing process consists of the
base body (tool - punch, die, blank holders), the opposing body (sheet metal), the intermedi-
ate medium (lubricant) and the surrounding medium (air). It is considered an open1 system,
because the materials in contact do not stay the same.

3.3.2 Friction

Three distinct areas of friction can be identified, when considering a deep drawing process.
These are localized at the contact area between the sheet and the blank holder/drawing ring
(A), between the sheet and the die radius (B), as well as the sheet and the punch radius (C).
While the occurring friction is disadvantageous in areas A and B (because it increases the
needed drawing force), is does have positive effects on the maximum drawing ratio (βmax)
in region C. In the latter case, the friction force contributes to the deformation of the drawn
part and is therefore desired. [Klocke and König, 2006, p. 334]

Accordingly suitable measures (lubricants, functional coatings) are applied to realize high
friction forces the punch radius area (C). Low friction forces, on the other hand are aimed
for in the areas of the blank holder (A), in order to control the material flow and in area of the
die radius (B) to enable an unopposed sliding of the sheet material. [Reissner, 2009, p. 140]

1See Table 2.1 ‘System structures of tribosystems’ on page 8 for explanation.
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3.3. TRIBOLOGY IN FORMING APPLICATIONS

3.3.3 Wear

Aside from the physical disruption of a forming tool, tool wear is considered the most impor-
tant failure mode in forming applications, as it has a direct impact on the dimension accuracy,
shape and surface quality of the processed parts.

The wear mechanisms explained in Section 2.4.2 ‘Wear Mechanisms’ on page 14 are now
considered regarding the deep drawing process2:

Abrasion

Due to peaks in the surface roughness, the harder friction partner (forming tool) ‘ploughs’the
softer one (formed part). On reoccurrence, particles are formed that are harder than the form-
ing tool and eventually lead to its abrasion. The resulting consequences are the geometric
deviation of the tool and the weakening of tool areas.

Adhesion

Adhesion of forming tools can be caused by two different initiating mechanisms. These initi-
ating mechanisms are the formation of interface bondings and mechanical interlocking. Both
lead to a material transfer from the softer (sheet metal) to the harder (tool) friction partner and
are briefly explained below: Formation of interface bondings: As introduced in Section 2.4.2
‘Wear Mechanisms’, this process is abrasion in its classical sense. As a consequence of the
surface enlargement of the plastically deformed metal sheet, on the one hand, and abrasive
wear on the other, the non-metallic surface layers of both friction partners are partly de-
stroyed during the forming process. The direct contact between the metallic compounds,
combined with elevated surface pressures, lead to interface bondings that - if higher than the
internal cohesion forces - result in a permanent material transfer. Mechanical interlocking:
High surface pressures squeeze the softer material into potential surface defects of the tool
(scratch marks, burrs). Relative movements of the two materials cause the shearing-off of
the material.

Both mechanism result in highly roughened tool surfaces - and therefore produce parts of
low quality. The uneven material transfer also induces local stress peaks that can lead to a
material overload and cause a sudden crack formation in the tool.

Tribochemical Wear

During the forming process energy is introduced into the surface areas of both contact part-
ners. This leads to chemical reactions and thus boundary layers of different chemical com-
positions. The tool wear is based on the break-away of brittle layers or the abrasive wear
of softer ones. Elevated temperatures, as commonly used in press hardening applications,
accelerate the chemical reactions and therefore the tribochemical wear even further.

2[Klocke and König, 2006, pp. 141-147]
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Surface Fatigue

Surface fatigue is commonly observed in rolling contacts, thus deep drawing application are
not prone to this wear mechanism.[Reissner, 2009, pp. 219-222]

All of the above wear mechanism can be slowed down by functional tool coatings.

3.4 Wear Slowing Tool Coatings

Since high-strength and ultra high-strength materials have become a dominant constant in
deep drawing operations, the tribological strain on forming tools has been ever increasing.
In order to meet these demanding requirements, while maintaining appropriate cost levels,
critical tool areas are covered with functional graded coatings.

Kolleck and Pfanner [2008] summarize the reasons for surface modifications of forming
tools as follows:

• Economical aspects
Economic base materials combined with highly advanced coatings

• Modification of existing tool surfaces
Partial coating of excessively stressed areas

• Repairing of tool surfaces

• Functionally graded coatings
Advantageous variation of physical properties in surface near layers

3.4.1 Surface Treatments of Critical Tool Areas

Lange [1993, pp. 670-683] gives an overview of surface treatments that are commonly used
in forming applications:

• Reaction Layers

– Nitriding

– Boriding

– Vanadizing

– Ion beam coating

• Deposited Layers

– Hard chromium plating

– Nickel plating

– Welding techniques

– Chemical Vapour Deposition (CVD)

– Physical Vapour Deposition (PVD)
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3.4. WEAR SLOWING TOOL COATINGS

In general a distinction is made between techniques that enrich the base material (or sub-
strate) with a certain, wear improving element (for example nitrogen, boron, vanadium) and
processes that actually deposit new material on the base material.
As it would go beyond the scope of this paper to describe each process elaborately, continu-
ative references to other sources in the literature are made at this point. (Bach et al. [2006],
Lange [1993, Chapter 17], Ruge and Wohlfahrt [2002, Chapter 4, 8], Doege and Behrens
[2010, pp. 417-425])

3.4.2 Laser Cladding

As the presented master thesis aims at designing a device to pretest laser cladded coatings,
this coating technique is described briefly in the following section.

Demarcation from other Surface Treatments

Table 3.1 compares laser cladding to similar coating techniques. The tabulated processes
correspond with the processes introduced above that are primarily used for wear slowing
tool coatings in forming applications.
Laser cladding can be described as the beneficial combination of laser welding and powder
metallurgy. It creates strong bonds between the coating and the substrate, with low heat-
affected zones (HAZ) and therefore minimal distortions in the base material. This is due to
the characteristics of the laser beam. As the laser beam is very tense and well confined, it can
be controlled adequately. This has positive effects on the coated part, as the base material
that is effectively subjected to the heat impact is limited to a minimum. Directly related to
this aspect is the manipulation of solidification rates of the melted material by adjusting the
energy input - this way the formation of the microstructure and ultimately the mechanical
properties can be controlled. [Vilar, 1999]
The dilution rate (mixing percentage of the substrate to the produced coating) is higher com-
pared to alternative processes like thermal spray coating, PVD and CVD - where no dilution
takes place. However, it is low compared to laser alloying or glazing. [Toyserkani et al.,
2005, p. 49]
Disadvantages of the process are the high investment costs and the moderate repeatability of
the produced coatings.

Process Principle

Figure 3.9 highlights the process principle of laser cladding. A high-powered laser beam
penetrates the base material and melts a thin layer of the substrate. At the same time powder
nozzles feed metal/ceramic powders into the melting bath and form pore- and crack-free
coatings three-dimensionally. The generated coatings feature high bondage strengths to the
base material. This process is quite flexible, as coatings of small, highly stressed areas are
feasible - but also the modification of large scale surfaces is possible, as the coating can be
expanded by overlapping individual tracks. The generated coating thicknesses vary between
50µm and 2 mm. Larger thicknesses can be achieved, by layering several coatings on top of
each other.
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CHAPTER 3. FORMING TECHNOLOGIES

Table 3.1: Distinction between laser cladding and other metallic surface treatments
[Toyserkani et al., 2005, p. 50]

Laser Conventional Thermal CVD PVD
Feature Cladding Welding Spray

Bonding strength High High Moderate Low Low
Dilution High High None None None
Coating materials Metals, Metals Metals, Metals, Metals,

ceramics ceramics ceramics ceramics
Coating thickness 50µm 1mm 50µm 0.05µm 0.05µm

- 2mm - several mm - several mm - 20µm 10µm
Repeatability Moderate Moderate Moderate High High

- high
Heat-affected zone Low High High Very low Very low
Controllability Moderate Low Moderate Moderate Moderate

- high - high - high
Costs High Moderate Moderate High High

This generative laser process can be distinguished by the way the powder is supplied. Vari-
ations of powder injection, pre-placed powder on the substrate and powder supply by wire
feeding exist. The single-step process of powder injection, as described above, has become
the prevailing laser cladding technique. Reasons for that are the superior process control-
lability and reproducibility of this variant. Also, the higher energy efficiency adds to the
predominance of laser cladding by powder injection. [Vilar, 1999]

Process Limitations

As already mentioned before, the repeatability of the process is not as distinct as in other
coating processes. Fluctuations of operating parameters like laser power, beam velocity and
powder feed rate, but also material characteristics such as variations in the absorptivity of
the substrate, lead to significant alterations of the processed clad. [Toyserkani et al., 2005,
p. 15]
This fact adds to the need for a functional testing device at the T&F to evaluate and verify
welding parameters as well as ideal coating combinations before transferring them to large
scale deep drawing applications.

40



3.4. WEAR SLOWING TOOL COATINGS

Workpiece

Processing
direction

Powder
stream

Shielding gas

Dilution area

Deposited 
material

Melting bath

Figure 3.9: Left:Process principle: Laser cladding [Industrial Laser Solutions, 2010];
Right: Welding nozzle as applied at the T&F, Exemplary laser cladded
coating of critical tool area
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Chapter 4

Project Content

This project focuses on conceptualizing, designing and assembling a suitable tribological
testing device for assessing the wear behaviour of different material pairings that are applied
in deep drawing processes. The obtained tribological module ought to be built and utilized at
the T&F at the University of Technology Graz and is required to fulfil the following technical
demands:

1. Adjustable surface pressures from 0 to 50 MPa

2. Relative movements between friction partners from 0 to 0.15 m/s

3. Consideration of warm and hot forming techniques (temperatures up to ≈ 900 ◦C)

4. Arbitrary friction partners

5. Interexchangeability of friction partners

6. Integrability of the testing tool into an existing device at the T&F

It was agreed on - before the beginning of the project - that existing tribometric equipment
was not be taken into consideration during the conceptual phase, in order to maintain a cer-
tain degree of impartiality. Finding the most appropriate configuration for the requirements
at hand was prioritized over applying standardized solutions. Also, an approach like this
implied the possibility to find a new, innovative solution. Consequently, the section on tri-
bometry in Chapter 2 ‘Tribology’ was composed after a concept variant has been decided on
and provides an overview of applied testing configurations for the reader.

Based on a morphological matrix, a number of concept variants are generated in order to
find a suitable tribometric configuration. Every variant is then individually evaluated for its
compliance with the prerequisites listed above. Concepts that lack important features are
eliminated, while the remaining ones are compared with each other by applying efficiency
analysis. The most promising testing configurations are compared once again, and the most
fitting concept is ultimately chosen.

The main focus during the design process is - apart from assuring the requested functionali-
ties - to keep the overall costs down. This economic demand is met by primarily using stan-
dardized parts. Chapter 6 ‘Technical Realisation’ illustrates all steps taken to implement the
chosen concept variant. A comprehensible and complete chronicle of the design process is
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emphasized. In most cases the reasons for selecting a certain component are given along with
available alternatives. However, due to the intuitive nature of design processes on the one
hand, and the vast number of design possibilities on the other, not every possible choice can
be mentioned. All according technical drawings can be obtained from Appendix B ‘Techni-
cal Drawings’, and are referred to specifically at the correspondent point in the paper. The
thesis is concluded by a thorough description of the experimental set-up in Chapter 7 ‘Test
Set-up’.
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Chapter 5

Determination of Concept

5.1 Generation of Concept Variants

As pointed out in Section 2.2 ‘Tribotechnical System’, a TTS is highlighted by two bodies in
contact that are subjected to a relative motion. Subsequently, the first step to find a suitable
tribometric concept is the identification of shapes of the friction partners and the type of
relative movement between them.
In order to find a befitting configuration in a well-arranged manner, a morphologic matrix
is created. It contains basic geometries that can be either manufactured or purchased easily.
These shapes represent the latter friction partners. The third parameter in the matrix is the
relative movement between the two geometries.
Figure 5.1 depicts the created morphologic matrix that marks the initial point of the concept
finding process. Each parameter is consistently paired with two corresponding elements,
creating a list of possible solutions. This procedure eventually results in a total of 80 sample
pairings. To make the overview more concise, arrangements that would not make sense
are not further considered. Such excluded variants are, for example, the helical (spatial)
movement of any sample on anything other than a cylinder. Or the helical (planar) motion
on a ring. Furthermore, variants that are too much alike are merged to just one appearance.
An example for the elimination because of similarity is the reciprocating motion on a disc,
as it has the same properties as a configuration with a meandering sample on a flat.
After this preliminary elimination of inoperable and similar variants, a list of 24 variants is
compiled that can be obtained from Figure 5.2.

5.2 Assessment of Concepts

As it would go far beyond the scope of this paper to elaborate every identified variation, the
research objectives introduced in Chapter 4 ‘Project Content’ are used to cut the number of
possible solutions. For reasons of readability, this list of requirements is iterated below:
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CHARACTERISTIC 

VARIANT 

1. Shape of 
friction 
partner n°1 

2. Shape of 
friction 
partner n°2 

3. Contact 
 movement 

a c b e d 

Rotational Helical (planar) Translational Sinuous Helical (spatial) 

Pin Ball Block 

Disc Ring Flat Cylinder 

Counterpart 
Cylinder 

Figure 5.1: Identification of basic testing configurations based on a morphological matrix

1. Surface pressures 0 - 50 MPa

2. Relative movements from 0 - 0.15 m/s

3. Arbitrary friction partners

4. Consideration of warm and hot forming techniques temperatures up to ≈ 900 ◦C)

5. Integratability of the testing tool into an existing device

The first demand - the generation of a defined surface pressure - leads to the most rigorous
reduction of variants.
A majority of the generated concepts are characterized by a point or line contact between
the two friction partners. The elastic contact deformation of such axisymmetric geometries
is well documented (see Hertzian theory [Popov, 2010, chapter 5]), making it quite easy to
determine the normal force needed to produce a certain surface pressure. However, the local
pressure peak in the center (see Figure 5.3) leads to an accelerated material removal because
of wear. As the tool wear progresses, the contact surface increases continuously. This results
in decreasing surface pressures. Generating a surface pressure that is constant over time
would inevitably result in a device that would exceed the intended complexity level of this
project by far.

As a consequence, all variants that are characterized by point or line contacts are eliminated
from any following consideration. Accordingly, variants b, g, h, i-p, q and t-x from Figure 5.2
are omitted.

This drastic exclusion of variants results in a more manageable list of seven concepts (a, c,
d, e, f, r, s). The consecutive weighing of this remaining solutions, regarding their ability
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Figure 5.2: Overview of generated concepts after preliminary elimination of inopera-
ble and similar variants

47



CHAPTER 5. DETERMINATION OF CONCEPT

R1

R2

zz

Fn

Fn

ya-a 0

R
1 
+ 

R
2 
- δ p 0 

R2

ya-a 0

R
1 
+ 

R
2 
- δ

p 0 

R1

Fn

Fn
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Figure 5.3: Contact mechanics according to Hertzian theory
[Czichos and Habig, 1992, p. 37]

to meet the given requirements, is much more subtle and therefore an efficiency analysis is
carried out. The weighing characteristics, including the basic assumptions that led to the
evaluation, are listed below, sectioned into groups according to the research demands. For
additional clarity, the remaining variants are renamed A-G (see Figure 5.4) and will be re-
ferred to accordingly in the following explanations.

A B C G D E F 

A) Pin/Disc rotational; B) Pin/Disc helical; C) Pin/Ring rotational; D) Pin/Flat translational; E)
Pin/Flat sinuous; F) Block/Flat translational; G) Block/Flat sinuous

Figure 5.4: Remaining concept variants

Surface pressure
• Required normal force: Of course this initial concept phase is too early to make re-

liable assumptions regarding the required normal force, as there are no dimensions
agreed on. Generally it can be said that - due to its smaller cross section - a round
profile will require less normal force in order to produce the same surface pressure,
compared to a prismatic profile with the same diameter. Because of their linear rela-
tion, the same premise can be made when considering the resulting friction force. The
difference is small however, leading to an insignificant differentiation of variants.
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Relative movement
• Drive system: The considerations concerning the drive system are obvious. To realize

variant A, the simplest form of drive systems (one constant rotational speed) will be
sufficient. Of course this is only true if the end dimensions allow the adjustment of the
relative movement - within the given velocity specifications - by alternating the radial
position of the pin on the disc. In variant B the ring form of the second friction partner
has a positive effect on the moment of inertia and therefore the driving torque. At
the same time it calls for a drive mechanism with adjustable rotational speed in order
to realize different relative velocities. Variants D and F also need a drive system that
provides alterable rotational speeds. In addition, the system must include a gear unit to
transfer the rotational movement of the motor into the desired translational movement.
The implementation of Variant B necessitates two adjustable drives for both - linear
and rotational - movements. Variants E and G require two linear actuators, one of
which has to be continuously adjustable.
• Velocity regulation: It can be presupposed that an adequate drive system, paired with

a suitable control unit, will be able to realize any demanded velocity (within certain
limitations), regardless of the chosen solution. Nevertheless, configuration A enables
the regulation of velocity only by varying the position of the pin on the disc at a con-
stant rotational speed. The same mechanism leads to an increasing relative speed in
variant B, as the pin progresses towards the disc’s edge, which makes the realization
of a constant relative speed more difficult.
• Stop/Go: Having the actual application area in mind - that is the deep drawing of

sheets - a stop and go ability should be given some acknowledgement. Again, with the
right driving system every solution can simulate this sequence of acceleration, steady
speed and deceleration. But all variants with either translational or sinuous movement
possess this characteristic naturally and are evaluated accordingly.

Arbitrary friction partners
• Massive (tool): If the second friction partner should represent the massive tool mate-

rial, any configuration that varies its location continuously (B,E,G) will not be suitable.
As the whole testing device aims at evaluating innovative laser cladded coatings, a sin-
gular penetration of the surface coat will not lead to any significant observation other
than the outcome of a simple scratch test. And this information could be gathered more
easily by other test settings.
• Thin walled (metal sheet): The above conclusion is completely reversed when the

applicability of metal sheets as one friction partner is contemplated. Assuming that
the second friction partner is realized as metal sheet and the corresponding friction
partner (pin or block) is laser cladded in the contact surface, a single repetition of the
contact movement has no assessable effect on the coated pin/block, as it is the harder
friction partner in this constellation. A progressional running of the test in recurring
contact areas will lead to a worn through metal sheet by the time the relevant friction
partner shows signs of wear. Of course this setting could also result in a possible
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Table 5.1: Qualitative evaluation of the remaining concept variants according to effi-
ciency analysis

Group Sub
Category W. Subcat. W. A B C D E F G

Surface
10

Required
10 4 40 4 40 4 40 4 40 4 40 4 40 4 40

pressure normal force

Relative
motion

40

Drive system 15 5 75 2 30 4 60 3 45 1 15 3 45 1 15

Velocity
15 5 75 1 15 3 45 3 45 3 45 3 45 3 45

regulation

Stop/Go 10 2 20 2 20 2 20 4 40 4 40 4 40 4 40

Arbitrary
friction
partners

40
Massive

20 5 100 1 20 5 100 5 100 1 20 5 100 1 20
material

Metal sheet 20 1 20 5 100 1 20 1 20 5 100 1 20 5 100

Other 10 Lubrication 10 2 20 4 40 2 20 2 20 4 40 2 20 4 40

100 100 350 265 305 310 300 290 280

damage of underlying components (drive system, heating device, etc.) and therefore
has to be dismissed. This leaves variants B, E and G as only suitable possibilities to
include a metal sheet into the test configuration.

Other
• Lubrication: The distinguishing characteristics between the different variants regard-

ing the lubrication is based on the following assumptions: while all variants with re-
curring contact points (A, C, D, F) require a proper lubrication mechanism (which
shall not be decided upon here), the remaining models allow a single application of
lubricant prior to the test run.

Table 5.1 shows the numeric translation of the explications listed above. First, the single
categories are weighed according to their importance to the overall function of the tribome-
ter. The reason why the Surface pressure category is comparatively rated lower is that the
adjustment of the surface pressure is already assured by all variants. All additional assump-
tions have little impact on the functionality of the device. Also the lubrication aspect is not
prioritized, because it is not a main focus in this thesis. The assigned category weight is then
broken down into subweights for each element. The allocation of subweights is, again, based
on the perceived importance of the specific subgroup to the functionality of the device. As-
sessing the compliance of each concept variant with the defined project requirements leads
to the individual degree of performance. This rate is represented by the grey numbers in
Table 5.1. By multiplying each degree of performance with the correlating subweight and
adding up all numbers belonging to one variant, the qualitative ranking of the remaining vari-
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Table 5.2: Direct comparison of last remaining concept variants

Pin/Disc Pin/Flat
Rotational + Helical Reciprocating + Meandering

Drive System Required drives slightly favourable 2 translational movements
Velocity
regulation

Easiest for rotational mode
Most complex for helical mode

Can be realized easily by drive sys-
tems

Stop/Go Has to be realized by drive system
↑ complexity

Occurs naturally

Pin wear Uneven Even
Infinite loop Restricted in helical mode Realizable in sinuous mode

ants can be obtained. With the assumptions defined above, the efficiency analysis leads to the
conclusion that variant A (Pin/Disc rotational) should be favoured, followed by configuration
D (Pin/Flat translational) and C (Pin/Ring rotational).
However, when concentrating on findings in category Arbitrary friction partners, it can be
seen that the performance of all variants is exactly reversed in the two subcategories. Con-
cepts that manage to simulate the tribological strain on massive materials to a high degree
will fail when it comes to the operation including metal sheets - and vice versa. This ob-
servation inevitably calls for the merging of single concept variants in order to fully meet
the defined requirements. Such combinations will feature two operation modes, depending
on whether the second friction partner is massive or thin walled. With the collection of re-
maining concepts it seems obvious to combine the conceptual functions of variants A and B
(Pin/Disc rotational + helical), D and E (Pin/Flat translational + sinuous), as well as F and
G (Block/Flat translational + sinuous). Variant C is not capable of operating in a different
mode and is therefore excluded from further considerations.
As the above assumptions are still valid, the suitability of these combined variants can be
compared by adding up the gained totals from Table 5.1. This consideration leads to the
following ranking:

1. Pin/Disc (615 points)
2. Pin/Flat (610 points)
3. Block/Flat (570 points)

While the combinations of Pin/Disc and Pin/Flat scored comparably and need further exam-
ination, the Block/Flat variant is far behind regarding its efficiency points and can therefore
be eliminated.

5.3 Selection of Concept

Before the final decision on the tribometric concept is made, the remaining two concepts are
compared directly to each other (see Table 5.2).
Individually seen, the Pin/Disc configuration in a rotational mode is most favourable. Yet,
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the combination with the helical mode - to ensure the applicability of sheet metals - leads to a
tremendous increase in complexity. The determining factor in the decision making process is
the feasibility of experiments during an extended period of time, when operating with metal
sheets. The Pin/Disc (helical) configuration is ultimately limited by the size of the metal
sheet. With a suitable loading system that continuously feeds the metal sheet, the Pin/Flat
(sinuous) concept can be extended infinitely and is therefore going to be realized.
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Chapter 6

Technical Realisation

It is decided that integrating the tribometric device into the milling centre SHW UniSpeed is
most favourable. Due to the constituted contact area and the small resulting forces, an assim-
ilation into the numerically controlled machine practically suggests itself. The meandering
of the test pin on the counter body can be easily controlled numerically, and the vertical
position of the test unit can be thoroughly set.
A modular design approach is strived for. This way also a possible extension of the module,
to a self-contained tribometer, in the future stays feasible.
This chapter documents the generation of the basic module of the tribometric device and is
sectioned into fundamental functions demanded by the system. All corresponding technical
drawings can be obtained from Appendix B.

6.1 Determination of Basic Dimensions

One of the main requirements of a tribometer is to adjust specific surface pressures. As the
chosen Pin/Disc constellation features a plane contact area, the needed normal force (FN )
can be derived easily from the equation that defines the surface pressure:

p =
FN

A

[
N

mm2

]
(6.1)

In order to keep the resulting forces to a minimum, a small contact area is constituted. The
chosen pin radius (r) is 2.5 mm and results in a contact area (A) of 19.63 mm2. Inserting
A and the required surface pressures (10 − 50 MPa) into Equation 6.1, gives an adjustable
normal force range of 196 N to 981 N.
To make a rough estimate of the resulting friction force (FR), a friction coefficient (µ) of 0.6
is chosen. - This value is based on experimentally obtained friction coefficients of different
steel on steel pairings in sliding motions by Czichos and Habig [1992, p. 501]. It is very
high compared to the commonly used value of 0.2 for dry friction of steel pairings (compare
Künne [2007, p. 223]). Using the higher friction coefficient includes a significant safety fac-
tor in all following calculations. The above assumptions result in a maximum friction force
of 589 N.
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Figure 6.1: Castigliano’s theorem:
Verification of
pin diameter.
With:
d = 5mm
l = 10mm
A = 19.63mm2

E = 210, 000N/mm2

I = 30.68mm4

G = 79, 300N/mm2

FN = 1000N

FR = 600N FN

FR

l

y

x

N(x) = - FN
Q(x) =   FR
M(x) = - FR * x

d

Basic strength calculations are used to explain why the pin diameter is ultimately increased
to 20 mm: The pin resembles a clamped beam with a constant cross section and two applied
forces (FN , FR). Castigliano’s theorem is applied to anticipate the horizontal displacement
of the pin in the contact area. The theory states that the partial derivative of the strain energy,
with respect to an applied force, equals the displacement in direction of the specific force
(see Equations 6.2 and 6.3).

U =

l∫
x=0

N2(x)

2E · A
dx+

l∫
x=0

M2(x)

2E · I
dx+

l∫
x=0

Q2(x)

2G · A
dx (6.2)

∂U

∂Fi

= ui (6.3)

uy =

∂

 l∫
x=0

−FN
2

2E · A
dx+

l∫
x=0

−FR
2 · x2

2E · I
dx+

l∫
x=0

FR
2

2G · A
dx


∂FR

(6.4)

The configuration shown in Figure 6.1 results in Equation 6.4. Accordingly, a dislocation
of the pin in the contact area of uy = 34.8µm can be obtained. An increase of the pin
diameter to 20 mm reduces the horizontal displacement to 0.3µm (A = 314.16 mm2, I =
7, 853.99 mm4).
In order to combine the benefits of a small contact surface with a minimum of horizontal
displacement, a pin with a diameter of 20 mm that is tapered at the end is utilized (compare
Figure 6.2).

6.2 Holding Fixture

The holding fixture needs to be a detachable connection. In addition it has to guarantee a sim-
ple mounting/demounting and require a minimum of pin preparation before testing. Keyed
and crimped connections, as well as joints with feather keys are disadvantageous because
the assembly and disassembly is more time-consuming compared to other basic detachable
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joints. Screwed, tapered and bolt connections, on the other hand, require additional prepara-
tion of every individual test pin (thread, taper, borehole).

For the given requirements a clamped joint connection is most favourable. Ultimately, a
clamped joint consisting of a collet and a clamping nut (according to DIN 6499), like it
can be found in milling and drilling devices, is decided on. It features a high degree of
operator convenience, consists of standardized parts, and can be easily upgraded for cooling
purposes. Moreover, this setting allows to test other pin diameters by adapting solely the
collet to a fitting size.

Test Pin

Collet

Clamping Nut

Collet Holder

Surface A

Surface B

Figure 6.2: Detail drawing: Holding fixture - for a complete drawing see Appendix B-B6

The functioning of this holding fixture is best explained while observing Drawing 6.2: When
the clamping nut is tightened, surface A pushes the collet into the tapered surface B of the
collet holder. This compresses the alternately slotted collet and therefore clamps the pin.
When the nut is loosened, an eccentric actuator in the nut pulls the collet out and releases the
pin.

As the test pin is axially supported by the holder and no torques are transmitted, the holding
fixture’s purpose is only to secure the pin radially and prevent its vertical displacement when
no normal forces are applied. Therefore, a recalculation of clamping forces is not necessary.

6.3 Adjustment of Surface Pressure

As already mentioned above, a reliable adjustment of defined surface pressures is crucial for
the presented tribological device. In order to keep the complexity low, the module does not
feature a continuous recording of the applied normal force. This makes a periodic readjust-
ment of the surface pressure impossible. Consequently, a proper spring system that compen-
sates irregularities in the friction partners, as well as a suitable scaling system for the initial
adjustment of the surface pressure, need to be incorporated into the design.
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CHAPTER 6. TECHNICAL REALISATION

Spring System

Any technical system can be described as a combination of serial and parallel connected
parts. When subjected to external loads, these components exhibit the same properties as a
very stiff spring.

For the presented application such a behaviour would be very disadvantageous. Once the
desired surface pressure is adjusted and the test run begins, a slight peak in the contact
partner - or for that matter, an accumulation of wear debris in the contact surface - will cause
a sharp increase in the surface pressure. A deepening, on the other hand, will lead to a local
plummeting of the pressure.
In order to prevent such implications, an actual spring, with thoroughly defined characteris-
tics, is added serially. This component will absorb the fluctuations in the surface pressure.
It is decided that for vertical variations of ±0.1 mm normal force deviations of ±2 % are
acceptable .
A (helical) compression spring is chosen to be implemented into the system. It is the most
commonly used type of spring1, features an almost linear load deflection curve and its tem-
perature dependency is manageable. Temperatures up to 250 ◦C are operational, however,
service temperatures below 100 ◦C are recommended in order to guarantee a linear spring
behaviour.
There are two characteristics that need to be acknowledged when dimensioning this type of
spring: The usable spring deflection is limited to 62 % of the nominal deflection in order
to ensure creep resistance. Also, a minmal initial load (between 13 − 30 %) is necessary
to ensure the linear load deflection behaviour. This value depends on the maximal spring
deflection. [Fibro, 2012, F8]
It is not possible to find a standard compression spring that covers the whole range of re-
quested normal forces, and that also meets the operational demands listed above. Hence, the
range is divided and a combination of two springs is aimed for.
By virtually pairing different springs, a combination of identical springs - but of different
capacity load groups - is found that fulfils all requested demands, and additionally features
similar deflections when simulating the whole force range.

Table 6.1: Chosen combination of compression springs to meet all requirements

# R sn Fmax Fmin FminAllowed smax − smin ∆F ∆F
[N/mm] [mm] [N] [N] [%] [N] [mm] [N] [%]

1 84.4 32.5 1000 430 13 375 (11.8− 5.1) = 6.8 8.44 1.96
2 38.3 39.0 450 200 13 194 (11.8− 5.2) = 6.5 3.83 1.92

Table 6.1 shows the combination of the two chosen helical compression strings. Sn is the
nominal spring deflection and represents 100 % of the possible compression length, Fmax

1[Meissner and Wanke, 1993, p. 188]
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6.3. ADJUSTMENT OF SURFACE PRESSURE

and Fmin are the normal forces that are generated with the according springs. Fmax has a
direct impact on the minimum pretension value, below which the generated normal force
must not fall. In addition, the deflection range (smax − smin) is tabulated. It can be seen
that it is nearly the same for both springs. This has a positive effect on the quantification of
the surface pressure. It is also demonstrated that a deviation of ±0.1 mm in the contact zone
results in force discrepancies smaller than 2 % of Fmin.

To prevent friction losses between the spring and the mandrel, lubrication grease is applied.
As no torques are transmitted, a felt ring is introduced to seal the spring area - see Ap-
pendix B-B6.

Quantification

The normal force, and therefore the exerted surface pressure, is adjusted by altering the
vertical position of the tribo-module in reference to the contact zone. Before the module
engages in actual testing procedures, it needs to be calibrated. For this purpose, a scaling pin
is integrated into the design. It is attached to the test unit and moves upwards (in relation to
the housing) as the surface pressure increases.

For calibration, a load cell is implemented instead of the friction partner. Then, the desired
normal force range is generated stepwise and the position of the scaling pin, in dependence of
the normal force, is marked on the housing. When the scaling function is tested and verified,
a proper scale is laser marked on the housing.

As there are two springs that need to be exchanged to simulate the complete range of surface
pressures, also two separate scales are necessary - see Figure 6.3.

A ( 1 : 1 )

 
Gezeichnet

Kontrolliert

Norm

10.03.2012 Marina

Housing 
(stationary)

Scaling Pin

Test Unit 
(vertically �exible)

Scale

Figure 6.3: Detail drawing: Scaling unit

The scaling pin also secures the test unit vertically prior to and after a test sequence.
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CHAPTER 6. TECHNICAL REALISATION

6.4 Guiding System

As a direct consequence of the spring system - and its demand for the unhindered trans-
lational motion of the system - the necessity for a linear guidance system arises. A linear
rolling bearing soon becomes the guidance of choice. As highlighted by Brecher and Weck
[2006, p. 358], rolling bearings are characterized by a smooth running (due to rolling fric-
tion), the elimination of stick-slip, an economic installation, little need for maintenance and
the availability as standardized parts. The respective disadvantages linked to this type of
bearing, like the minor damping ability perpendicular and parallel to the guidance direction,
can be tolerated for this application. All of these benefits and flaws derive from the direct
comparison to sliding bearings.
A configuration consisting of a guide pillar, a ball bearing cage and a guide bush is chosen.

In order to compact the design and to ensure the positioning of the guiding system near the
test zone, an integration of sub-functions is decided on. This results in the merging of the
clamping, guiding and spring system into one customized part. Figure 6.4 emphasizes this
aggregation of functions. Now, the adapted guide pillar also holds the collet and features a
thread into which the guide bolt for the compression spring is integrated.
In Figure 6.4 it can be seen that also the cooling system is held by the guide pillar. The
additional space between the cooling connections and the clamping system is needed for the
ball bearing cage to move upwards and downwards.

6.5 Cooling System
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Figure 6.4: Detail drawing: Cooling - for a complete drawing see Appendix B-B6

Hot forming technologies, like press hardening, have become a dominant factor in deep
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6.6. HOUSING

drawing applications. Especially for the presented test configuration, and its small test sam-
ple, a functional cooling system is essential when operating with heated metal sheets. The
chosen approach integrates the cooling channel into the guide pillar. The test pin is also
equipped with a surface-near cooling hole and can therefore be cooled directly. Beside the
upgrade of the collet to a version with a sealing seat - and the according sealing - no changes
are made regarding the applied parts. As it can be obtained from Figure 6.4, the cooling
channel goes through the whole pillar, thus facilitating the manufacturing process. The left
opening is closed by a bold needed for guiding the compression spring. The separation of
cooling inlet and outlet is realized in a way that does not require a seal. - Due to manufac-
turing limitations, the seat that holds the left end of the copper tube is tapered in the end.
This slight interference leads to a tight fit between tube and pillar and therefore substitutes
an actual sealing.
Another advantage of the SHW UniSpeed is the existing cooling system. This way, only
matching connections need to be integrated into the designed tribo-module. This is ensured
by adding plug-in connections that fit the existing cooling pipes.
The dimensions of the copper tube and the corresponding cooling channels are based on the
demand that the surface area of the inlet (Ain) equals the surface area of the outlet (Aout),
which ultimately results in a constant flow stream. As standardized copper tubes and man-
ufacturing tools interfere with this request, it is mitigated. In the end a copper tube with
a diameter of 8 mm and a wall thickness of 1.5 mm is applied. This results in an Ain of
19.63 mm2 and an Aout of 28.27 mm2.

6.6 Housing
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Figure 6.5: Detail: Housing - for a detailed drawing see Appendix B-B4/B6

The design of the housing results from all above considerations. Figure 6.5 depicts the con-
sequent housing. It features longitudinal grooves for the scaling and the cooling equipment
and an intake for the guide bush. The connection flange and its corresponding pockets result
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CHAPTER 6. TECHNICAL REALISATION

from the mounting dimensions of the milling centre. For centring purposes two according
faces are incorporated into the housing.
Due to manufacturing limitations the housing has to be opened in the flange area (see Ap-
pendix B-B4). In order to provide a supporting surface for the compression spring, a thrust
plate is integrated into the housing.
Because of the high density of the material (ρ = 7.85 kg/dm2), a slender housing is con-
stituted. Strength analyses - similar to the calculations carried out for the pin diameter (see
Section 6.1) - lead to a vertical dislocation of 2.7µm. As this value is based on a very high
friction coefficient (µ = 0.6), it is tolerable.
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Chapter 7

Test Set-up

During the initial test set-up, a pilot test run is performed in order to verify the basic functions
of the designed tribo-module.

7.1 Pin Preparation

As described in the previous chapter, the test pin is tapered at the end to ensure small re-
sulting forces and, therefore, minimum distortions in the contact area. At the same time,
this diminution of the pin diameter has a positive effect on the laser cladded coating that is
ultimately tested. Due to the nature of the laser cladding process, inhomogeneities and ver-
tical exaggerations can be expected in the peripheral areas of the generated coatings. These
irregularities are due to the direction inversion (movement of nozzles) during the welding
process, and can be avoided by tapering the coated pin before testing it.
The tribo-module is calibrated based on the vertical displacement of the test unit regarding
the housing. Thus, the actual height of the tested laser clad is not of importance. It is,
however, crucial that the produced coating is planar and perpendicular to the axis of the test
unit, in order to ensure a constant surface pressure in the contact area.
The applied test pin is not laser cladded for the pilot test run. Instead, a 1.2210 (DIN
115CrV3) bar stock is tapered and applied as dummy. As the actual evaluation of laser
cladded coatings is not part of this master thesis, this simplification is of no consequence.
On the contrary, the results obtained from the pilot test run highlight impressively why wear
resistant coatings are essential in any forming process.
The diameter of the applied round bar features a fit tolerance of h9 (20+0

−0.052 mm). This
corresponds with the clamping tolerance of the collet (20+0

−1 mm).
Accordingly, the test pin is not required to be machined prior to the test run.

7.2 Fixation of Metal Sheet

For the initial test sequence a deep drawing sheet metal is chosen as opposing body in
the created TTS. Beside the obvious wear resistance, the corrosion-resistant steel (1.4034,
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CHAPTER 7. TEST SET-UP

Figure 7.1: Test pin dummy clamped by collet and nut during pilot test sequence

Figure 7.2: Fixation of sheet metal on existing tool chuck
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7.3. ASSEMBLY OF TRIBO-MODULE

Collet and Nut

Compression Spring

Scaling Pin Guide Bolt for Spring

Housing

Guide Pillar

Ball Bearing Cage

Figure 7.3: Overview of basic components of the tribo-module

X46Cr13) features a good response to hardening processes, as well as favourable wear be-
haviour. Further tests with different sheet grades are planned. For the fixation of the metal
sheet an existing chuck at the T&F is utilized. In order to firmly clamp the sheet metal, it is
laser cut to fit the dimensions of the block (See Picture 7.2).

The outside dimensions of the tested sheet are 388 mm x 610 mm and result in a maximal
wear path of approximately 20 m. For a legitimate test sequence, the metal sheet will have to
be exchanged several times (depending on the the wear resistance of the applied laser clad).
Thus, a modified sheet fixation that features a larger contact area should be considered in the
future.

In addition, it would be highly favourable to conceptualize a sheet fixation that does not
require the accurate cutting of each individual metal sheet.

7.3 Assembly of Tribo-Module

Picture 7.3 shows the basic components that assemble the tribo-module. The guide bush is
glued into the housing at the very beginning of the assembly, in order to give it time to affix.
The felt ring needs to completely shape into the lining groove. Therefore, it is incorporated
into the housing very early and drenched in lubricating oil. Another part that is already fixed
to the housing is the thrust plate. It locks the upper opening of the housing that was created
for manufacturing purposes only. Accordingly, those three components are not highlighted
in Picture 7.3.
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CHAPTER 7. TEST SET-UP

Figure 7.4: Assembled and mounted tribo-module

All following steps are elementary and therefore the repeated assembly/disassembly is guar-
anteed to be unproblematic. First, the guide bolt is attached to the upper ending of the cus-
tomized guide pillar, while bounteously applying lubrication grease. The friction between
the stationary housing and the vertically moveable test unit primarily takes place between the
felt ring and the guide pillar. Also, the friction between the compression spring and the guide
bolt needs to be considered. While the complete elimination of the friction is not possible,
this lubrication does diminish it to some extent.

After the compression spring is imposed to the guide bolt, the test unit is inserted into the
housing. In order to linearly guide the tribo-module, the ball bearing cage is placed between
the test unit and the housing. One characteristic of ball guide systems is that the ball bearing
cage travels half the amount of the actual dislocation between the two guided components.
This fact is taken into consideration, by aligning the lower edge of the ball bearing cage
with the lower edge of the housing when considering the starting position (the compression
spring is in contact with the thrust plate). This way, the ball bearing cage is still positioned
in the guide push, while the maximum dislocation (approximately 15 mm) is realized. See
also Appendix B-B7 for the technical drawing of the two end positions. Once the test unit is
successfully positioned, the scaling pin is inserted in order to secure the test unit vertically.

These are all steps necessary to assemble the tribo-module. Now, the device can be mounted
to the SHW UniSpeed. This is facilitated by the two centring faces introduced in Section 6.6
‘Housing’. Picture 7.4 shows the mounted tribo-module.

The insertion of the test pin (including collet and nut) is standardized and should be famil-
iar. Nevertheless, some guidelines are given: The collet should never be placed into the
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7.4. CALIBRATION

Figure 7.5: Calibration of tribo-module with a load cell

collet holder without the prior connection to the nut. In addition, the collet must not be
clamped without an inserted test pin, because this could lead to permanent deformations of
the clamping collet. When placing a test pin into the clamping fixture, it should not be in-
serted less than two thirds of the collet bore length. The maximum tightening torque of the
nut is 176 Nm and must not be exceeded. In order to firmly close the nut, hexagonal flats are
incorporated into the guide pillar, to fixate the test unit while tightening the nut. [RegoFix R©,
2011]

7.4 Calibration

Before the actual test run can begin, the acting normal forces need to be calibrated with a
load cell. Picture 7.5 demonstrates the calibration process, where the the tribo-module is
positioned in relation to the load cell by the numerically controlled mill centre. The vertical
dispositions of the module and the corresponding normal forces are recorded.
Figure 7.6 depicts the obtained results for normal forces between 400 − 1, 000 N. The pre-
sented hysteresis effect can be attributed to friction forces between the test unit and the hous-
ing. This friction is composed of the friction between the parings compression spring/guide
bolt, felt ring/guide pillar, and ball barrier cage/guide pillar respectively ball barrier/guide
bush. For the initial test procedures, a recalibration is suggested because the hysteresis is ex-
pected to change slightly. This is mainly due to the adaption of the felt ring that will absorb
more lubricant and therefore minimize the friction.
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Figure 7.6: Hysteresis effect during loading and unloading of tribo-module

But also after a certain running-in period, this discrepancy between the achieved normal
forces, based on the in- or outfeed of the system, will be observed and must be acknowledged
accordingly.

The documented hysteresis also emphasizes the desired linear force-deflection behaviour of
the introduced compression spring.

7.5 Pilot Test Sequence

For the initial test run the conceptualized (see Picture 7.7), meandering relative motion is
substituted with a number of single, consecutive parallels, in order to verify the stability of
the system before putting a biaxial strain on it. With the incorporation of the tribo-module
into the SHW UniSpeed, the feasibility of any motion is guaranteed anyway and does not
have to be validated at this point.

A normal force of 500 N is increased linearly at the beginning and end of each slope in form
of a vertical dislocation. The offset between individual lines is actualized when the tribo-
module is not in contact with the sheet metal. After the operation at tentative feed rates
confirmed the functionality of the designed testing device, further test runs at maximum
required speed (150 mm/s) are carried out successfully.

66



7.5. PILOT TEST SEQUENCE

Figure 7.7: Engaged module during pilot test sequence

Figure 7.8: Generated wear on tested sheet metal

67



CHAPTER 7. TEST SET-UP

7.6 Obtained Results

Picture 7.8 emphasizes the resulting wear effects on the engaged metal sheet. The first lane
(on the very right) is very distinct in comparison to the remaining wear paths. This is due
the fact that the first tribological encounter was realized without any applied lubrication. As
a direct result, frettings and severe material transfer in general could be observed. For the
following sequence, the metal was coated with oil, which resulted in a tremendous improve-
ment of the obtained wear behaviour. The test pin also showed severe signs of were and had
to be polished during the test sequence to ensure a planar contact. Even though the pilot test
was only conducted to substantiate the basic functions of the tribo-module, these results also
demonstrate the overall need for wear slowing tool coatings.
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Chapter 8

Concluding Remarks and Outlook

All presented findings coincide when it comes to the necessity of tribometric testing engage-
ments in order to simulate and anticipate tribological behaviour of technical systems. Even
though many scientific projects focus on the mathematical description of friction processes,
and progress has evidently been made, a reliable prediction of friction - and consequently
wear - behaviour can not be made. The interdependencies and overlapping of single friction
and wear mechanisms still call for an experimental determination of these system parame-
ters, and thus, making tribometry and its many variants indispensable.

Having stated this, tribometric configurations also forfeit a large amount of significance be-
cause of the high degree of simplification. This is especially true for the simulation of form-
ing operations, because the vast majority of applied tribometers simulate closed tribotech-
nical systems. This means that the two friction partners are repeatedly engaged in the same
contact areas. As forming processes possess open system features, another portion of validity
of the obtained test outcome is lost.

The presented tribo-module emends this system error, while maintaining the low complex-
ity factor that is common to all tribometric equipment. In addition, it mainly consists of
standardized parts and therefore also features low investment and maintenance costs. The
functionality of the designed device has been verified in a pilot test sequence and the results
are very promising.

As stated in Section 2.5.2 ‘Tribometry’, the possibilities to realize a specific tribometric con-
stellation appear endless. The presented instrument is a very basic variation that can easily
be upgraded and adapted to extended purposes due to its modular design. Such potential
improvements include:

Sheet Fixation

In order to facilitate future wear tests, the enlargement of the sheet metal surface engaged
in the test sequence is highly recommended. Even though the clamping mechanism, as
presented in the previous chapter, is efficient, a substitutional system that does not require
the accurate cutting of the sheet metal would be favourable as well.
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Feeding System

Another aspect related to the handling of the metal sheet is the possible introduction of an ex-
pedient feeding system. By introducing a coiler/decoiler system, for example, the performed
wear tests would not be limited in the realized distance (wear path), and the test sequence
would not have to be interrupted for the exchange of sheet metals.

Hot Tribology

As presented in Chapter 6 ‘Technical Realisation’, the tribo-module features a system that
cools the entire test unit, including the engaged test pin. The applied connections fit the
utilities of the engaged SHW UniSpeed milling centre. In order to simulate state-of-the-
art hot-forming processes, however, the sheet metal has to be heated to temperatures up
to 900 ◦C. Realizing such a temperature increase, in a controlled way, is complex as it
is. Adding a functional heating device into the milling centre, while shielding all relevant
components from the heat impact, is demanding.
The incorporation of the heating system is the optimization aspect that should be focused on
primarily in the near future, as hot tribology is thought to be highly viable in the fields of
tribological research.

In conclusion, it can be said that the overall project demands have been met and a functional,
economic tribometric device, with a low degree of complexity, has been generated in the
course of this master thesis. It is believed that the designed module bares great potential,
especially regarding ongoing research in the fields of hot tribology.
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Appendix A

Wear related Terms and Definitions

Name Cat. Definition

Abrasion
Abrasion

WM Material removal caused by furrowing or scratching
strain.

Abrasive erosion
Gleitstrahlverschleiß

TW Special form of solid particles erosion, with a stream
of particles that is nearly parallel to the solid’s surface.

Abrasive wear
Abrasivverschleiß

TW Wear type caused by abrasion.

Adhesion
Adhäsion

WM Formation of interface bondings
Friction mechanism as well as wear mechanism.

Adhesive wear
Adhäsivverschleiß

TW Wear type caused by adhesion.

Amount of wear
Verschleißbetrag

WI Length, surface, volume or mass changes in the
wearing body.

Bearing area
Tragbild

WA Distinctive friction surface that was formed due to
changes in the surface morphology during a tribolog-
ical process.

Blunting, Truncating
Abstumpfung

WA Unwanted deformation, for example of a cutting edge.

Bouncing
Prallen

SC Impacting perpendicular to the solid’s surface.

Cavitation
Kavitation

Misc Formation and implosion of cavities in liquids, when
local pressures are smaller than the vapour pressure.
This can lead to micro jets with high velocities that
penetrate the solid’s surface.

Misc... Miscellaneous, SC... Stress Collective, SS... System Structure, TW... Type of Wear

WA... Wear Appearance, WI... Wear Indicator, WM... Wear Mechanism, WT... Wear testing procedure
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Name Cat. Definition

Cavitation erosion
Kavitationserosion

TW Material removal caused by micro jets.

Chatter marks
Rattermarke

WA Periodic alterations of surface topography, caused by
stick slip or vibrations.

Chipping, Flaking
Abplatzer

WA Comparatively large flakes lost from a surface.

Component wear test
Bauteil-
Verschleißprüfung

WT Wear test examining original parts in one aggregate.

Corrosion-erosion
Erosions-Korrosion

TW Concurrence of erosion and corrosion. Usually corro-
sion can progress because protective layers are de-
stroyed by erosion.

Craze cracking
Brandriss

WA Cracks near surfaces, caused by simultaneous shear
stresses and heat impact; e.g. during boundary fric-
tion or at beginning seizure.

Delamination
Delamination

WA Stripping off of (surface) layers due to mechanical or
thermal overload.

Drop erosion
Tropfenschlagerosion

TW Material removal caused by the impingement of
drops.

Electroerosive wear
Elektroerosiver
Verschleiß

TW Material removal that is induced by electric discharge.

Embedding
Einbettung

WA Embedding of hard foreign particles into softer base
or opposing body.

Erosion
Erosion

Misc Influence of loose abrasive particles, flowing
gases/liquids and their combination on solid bodies.

Erosive wear
Erosionsverschleiß

TW Material removal induced by erosion.

Fatigue wear
Ermüdungsverschleiß

TW Wear due to material disruption (- caused by periodic
tribological strain).

Field wear test
Betriebs-
Verschleißprüfung

WT Wear test examining the entire engine or facility under
realistic conditions.

Flake, Spill, Sliver
Schuppe

WA Surface lamination by tangentially material deforma-
tion or adhesive material transfer.

Flaking
Ausbruch

WA Surface damage that leads to an interface with frac-
ture characteristics.

Misc... Miscellaneous, SC... Stress Collective, SS... System Structure, TW... Type of Wear

WA... Wear Appearance, WI... Wear Indicator, WM... Wear Mechanism, WT... Wear testing procedure
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Name Cat. Definition

Flash temperature
Blitztemperatur

Misc Temporary temperature increase within a microscopic
area of a friction surface.

Fluid erosion
Flüssigkeitserosion

TW Material removal caused by flowing liquids.

Fluid erosion wear
Spülverschleiß

TW Trough-shaped and sinuous material removal caused
by erosive media.

Formation of craters
Auskolkung (Kolk)

WA Trough-shaped form of wear appearance, e.g. in con-
veying systems caused by abrasive bulk materials or
on the chip surface of cutting tools.

Fretting corrosion
Reibkorrosion/
oxidation

WM Material removal of contacting bodies under small os-
cillating relative motions with the presence of corro-
sive media. Special form of tribochemical reaction.

Fretting debris
Passungsrost

WA Powdery, oxidized wear debris or coating that is
caused by fretting wear and can be attributed to tiny
relative motions in fitting.

Fretting wear
Schwingungsverschleiß

TW Wear between two contacting bodies with an oscillat-
ing relative motions of small amplitude.

Friction martensite
Reibmartensit

WA Very hard and brittle layers at steel surfaces, which
were formed by local exceeding of austenitising tem-
peratures due to friction heat.

Fusion of low
melting phases
An-, Ausschmelzung

WA Friction induced form of wear appearance caused by
the melting of material components.

Gas erosion
Gaserosion

TW Material removal due to flowing gases.

Hydroabrasive wear
Hydroabrasivverschleiß

TW Wear that is caused by solids or particles that are car-
ried by a flowing liquid.

Impact
Stoßen

SC Mechanical interaction during a short period of time,
with an impulse and energy transfer between the col-
liding bodies.

Impact wear
Stoßverschleiß

TW Wear caused by impacting.

Impingement,
Impact erosion
Prallstrahlverschleiß

TW Special form of solid particles erosion, with a stream
of particles that is nearly perpendicular to the solid’s
surface.

Impingement of drops
Tropfenschlag

SC Impact loading of a solid surface by impacting liquid
drops.

Misc... Miscellaneous, SC... Stress Collective, SS... System Structure, TW... Type of Wear

WA... Wear Appearance, WI... Wear Indicator, WM... Wear Mechanism, WT... Wear testing procedure
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Name Cat. Definition

Indentation
Eindrücken (Eindruck)

WA Surface deformation caused by particles that are
pressed into the base or opposing body.

Initial pitting
Einlaufgrübchen

WA Pittings that are caused by initial stresses.

Operating variables
Beanspruchungskollektiv

Misc Stress collective that acts upon a tribological system.

Oblique impact wear
Schrägstrahlverschleiß

TW Special form of solid particles erosion, with a stream
of particles at an oblique angle (0◦ - 90◦) to the solid’s
surface.

Oscillation, Vibration
Schwingen

SC Oscillating relative motion (sometimes of very small
amplitudes).

Overlap ratio
Eingriffsverhältnis

SC Ratio between contact and friction surface.

Particle plowing
Teilchenfurchung

TW Surface damages in the form of ripples, caused by
the sliding motion of free moving particles.

Permanent wear
Dauer-Verschleiß

WI Wear after running in occurred.

Pitting
Grübchen

WA Shell-shaped deepening (caused by material re-
moval) that can be attributed to surface fatigue.

Reaction layer
Reaktionsschicht

WA A solid layer of reaction products at the surface of
solids, formed by tribochemical reactions.

Ripple, Corrugation
Rides
Riffel

WA Periodic, sinuous surface alterations, perpendicular
to the direction of motion.

Rolling abrasion
Kornwälzverschleiß

TW Wear caused by two rolling bodies, with abrasive par-
ticles in between them.

Running in
Einlaufen

Misc Alteration of geometry as well as physical, chemical
or mechanical properties of surface areas of two fric-
tion partner under initial stresses.

Running in wear
Einlaufverschleiß

Misc Slightly increased wear that emerges during running
in and that is often desired.

Scar
Narbe

WA Irregular deepening, caused by fretting corrosion,
cavitation, erosion or locally limited plastic deforma-
tions.

Score, Groove
Riefe

WA Long, linear surface damages in sliding direction,
caused by hard roughness peeks of opposing body
or harder particles.

Misc... Miscellaneous, SC... Stress Collective, SS... System Structure, TW... Type of Wear

WA... Wear Appearance, WI... Wear Indicator, WM... Wear Mechanism, WT... Wear testing procedure
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Name Cat. Definition

Scouring abrasion
Furchungsverschleiß

TW Abrasive Wear induced by roughness peaks or hard
particles in sliding contacts.

Scrape
Anschürfung

WA Roughening of bearing surfaces caused by the sliding
instead of the rolling of rolling elements.

Scuffing
Fressverschleiß

TW Adhesive wear - on a macroscopic scale.

Seizure
Fressen

TW Destruction of friction surface by adhesion - on a
macroscopic scale.

Solid particles erosion
Strahlverschleiß,
Festkörperverschleiß

TW Wear caused by a stream of solid particles.

Spalling, Flaking
Abblätterung

WA Flaking of flat particles from surface areas, because
of material defects, processing errors or overstress-
ing.

Standstill marks
Stillstandsmarkierungen

WA Surface damage that occurs while system stands still.
It can be caused by external vibrations, corrosive ex-
posure, mechanical loads or by passages of current
through the system.

Stick slip
Ruckgleiten

SC Fitful intermitting motion between sliding bodies,
caused the release of elastic energy in the contact
area.

Surface fatigue
Oberflächenzerrüttung

WM Material fatigue and formation of cracks in surface-
near areas, which can cause material removal.

Thermal wear
Thermischer Ver-
schleiß

TW Material loss due to softening, melting or evaporation
during sliding or rolling motions.

Three body abrasion
Korngleitverschleiß,
Dreikörperverschleiß

TW Wear caused by two sliding bodies with abrasive par-
ticles between each other.

Total life
Gesamtgebrauchsdauer

WI Total period of time (including down times) after which
a part loses its functionality due to wear.

Tribochemical reaction
Tribochemische
Reaktion

WM Chemical reactions in a TTS between the base body,
the opposing body and the intermediate/surrounding
media that are activated by the exerted friction.

Tribooxidation
Tribooxidation

WM Special case of a tribochemical reaction. Oxidation
reaction in a TTS.

Washout
Auswaschung

WA Material removal caused by flowing media, usually
due to the formation of turbulences.

Misc... Miscellaneous, SC... Stress Collective, SS... System Structure, TW... Type of Wear

WA... Wear Appearance, WI... Wear Indicator, WM... Wear Mechanism, WT... Wear testing procedure
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APPENDIX A. WEAR RELATED TERMS AND DEFINITIONS

Name Cat. Definition

Wear
Abnutzung

Misc Unwanted devaluation of objects due to mechanical,
chemical, thermal and/or electric energy impact.

Wear coefficient
Verschleißfaktor,
Verschleißkoeffizient

WI Empirically determined proportionality factor in wear
related equations.

Wear debris
Abrieb

WA Material removed from the functional area due to tri-
bological strains.

Wear life
Verschleißbedingte
Lebensdauer

WI Total service life without downtimes.

Wear rate
Verschleißrate

WI Amount of wear in relation to suitable reference pa-
rameters (like loading time or distance).

Wear reserve
Verschleißreserve

WI Amount of material that can be worn out until the func-
tionality of the TTS is no longer guaranteed.

Wear resistance
Verschleißbeständigkeit

WI Resistiveness of the TTS and the relevant parameters
of its elements to wear. The wear resistance is given
by the inverse of the wear rate.

Table A.1: List of wear definitions in alphabetical order [GfT, 2002]
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Appendix B

Technical Drawings

Please find attached all technical drawings according which the tribo-module was manufac-
tured. All referenced standards can be obtained from Appendix ‘Bibliography’.

Table B.1: Overview of attached technical drawings

No Manufactured Part Semi-finished Product Supplier Weight

B1 Guide pillar Round bar 60/250/2379 Meusburger 2.237 kg
B2 Scaling pin Shoulder screw E 1240 Meusburger 0.015 kg
B3 Test pin (+ cooling channel) Round bar 20/800/2210 Meusburger 0.015 kg
B4 Housing Round bar 205/250/1730 Meusburger 16.768 kg
B5 Thrust plate Round bar 81/20/2312 Meusburger 0.048 kg
B6 Assembly drawing (+ parts list) - - -
B7 Overview end positions - - -
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Pos. Amt. Part name No/Standard description Remark
1 1 Guide pillar B1 In-house prod.
2 1 Collet nut DIN 6499 ER/UM 40 Available 
3 1 Collet DIN 6499 ER 40 (20) Nann
4 1 Sealing disc DIN 6499 D-472 E Nann
5 1 Ball cage 50x50 Fibro 
6 1 Guide bush DIN 9831/ISO 9448-3 50x37 Fibro 
7 1 Test pin B3 In-house prod.
8 1 Copper tube 80x1.5 Zänker & D.
9 1 Guide bolt for springs DIN/ISO 10069-2 13x63 Meusburger
10 2 Compression spring DIN/ISO 10243 25x12x89 Fibro
11 1 Housing B4 In-house prod.
12 1 Felt ring DIN 5419 F2-50 Filzshop
13 2 Plug-in connection NPQM G18-Q8-P10 Festo
14 1 Scaling pin B2 In-house prod.
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head
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