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Abstract
The purpose of this thesis was to study the influence of manufacturing variations on gear
performance. The manufacturing variations inherent in different manufacturing methods
were studied to include the effect of real surfaces. Real surfaces have surface irregularities
at least on some scale, which can significantly influence how loads are transmitted at the
gear contact. To some extent, the lubricant design can help to prevent contact that could
lead to tooth failures by forming a protective surface boundary layer. An experimental
study was used to consider the compositions of these layers with a surface analysis
method.
In Paper A a robust design approach was used to find out to what extent the current
standard for calculation of surface durability treats manufacturing variations and the
choice of lubricant. The results show that the simplest calculation method used is not
enough to predict the effect of these on surface durability. Additionally, the standard
quality levels are poorly incorporated in the standard calculating procedures for surface
durability, and the quality of the gear tooth is restricted to include only a few parameters.
In Paper B a pin-on-disc machine was used to evaluate the tribofilm formation by the
additives and the corresponding wear occurring in the boundary lubrication regime in
environmentally adapted lubricants. Studies of the additive and base fluid interaction
were carried out using glow discharge-optical emission spectroscopy. It was found that
the chemically reacted surface boundary layers played an important role in terms of wear.
More specifically, the oxide layer thickness had significant influence on wear. The
findings also demonstrate the complexity of lubrication design formulations coupled to
these layers. For example, it was found that the pre-existing surface boundary layer
(before any lubricant had been added) played an important role in allowing the lubricant
to react properly with the surfaces.
The aim of Paper C was to contribute to the knowledge of how different surface
topographies, tied to manufacturing methods, influence the early life contact conditions
in gears. Topographical measurements of differently manufactured tooth flanks were
used as data input to a contact analysis program. The variation in surface topography
inherent in the manufacturing method was found to have a strong influence on the
contact area ratio.
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1 Introduction
Gears have been and continue to be one of the most important means of mechanical
power transmission. However, the demands for reduced unit weights, higher efficiency
gears, and more environmentally adapted lubrication techniques — as well as striving for
robustness — have forced designers and manufacturers to become aware of phenomena
that were previously of less importance. This thesis relates to phenomena occurring in
high precision gears used in, for example, heavy trucks (Figure 1).

Figure 1. A heavy truck gear transmission (Scania GR875 range-change gearbox) [1].
The overall goal of this thesis was to investigate the influence of gear geometry, surface
topography, and lubrication design on the gear contact load capacity. Gear geometry was
studied in terms of gear standard quality levels. Surface topography was investigated by
comparing the influence of different gear manufacturing methods on the contact
conditions. Lubricant design was investigated in terms of the capability of
environmentally adapted lubricants to form protective boundary layers on the contact
surfaces. Surface topography and lubricant design were also studied in the context of the
international standards procedure for calculation of contact load capacity.
When producing high precision gears, it is important to identify the effects of
manufacturing variations on the gear performance. Manufacturing variations can include
individual machine variations (caused by, for example, wear of tools), lack of rigidity of
the workpiece, and the choice of manufacturing method. Houser [2] found that the
influence of manufacturing variations on the load sharing of a tooth pair was greater than
that indicated by the standard rating practice. Similar findings were reported by Li [3],
who also emphasised the necessity of understanding the influence of machining
variations on gear performance in order to be able to produce lightweight and
compactly-sized gears. Most research on the influence of gear manufacturing variations
on gear performance is related to standard gear parameters, which do not include the
nature of different manufacturing methods.
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Highly loaded gears often rely on a well designed lubricant (i.e. base oil and additive
combination). Additives must perform their function on the surface, which thus needs to
be able to react chemically with the additives in order to form a strong and low shear
surface boundary layer to reduce friction and wear. Joachim and Kurz [4] used gear tests
to investigate the various tooth flank manufacturing methods and lubricant combinations
with regard to their effect on tooth flank service life. They illustrate the importance of
the thickness of the surface boundary layer, and state that this certainly needs to be
studied in detail in order to be useful for practical applications. The current international
standard [5] procedure only reflects certain tendencies of how the choice of lubricant
influences load carrying capacity. Höhn et al. [6] evaluated the influence of lubricants on
the pitting load capacity of case-carburised gears by means of a new test method, and
made some suggestions for adding an additional factor to the standard rating formulas in
order to better correlate the actual lubricant performance.
The work presented in this thesis is part of a project to increase and strengthen our
knowledge of gears in order to secure the future for gear manufacturing in Sweden. The
Swedish gear industry has a turnover of 12 billion SEK and employs just over 5000
persons [7]. The global market exceeds 45 billion dollars, three-quarters of which is in the
automotive sector [8].
This thesis is linked to a range of ongoing projects in a Swedish research project known
as KUGG [9]. Bagge [10] has mentioned the importance of process planning of gear
transmissions in meeting changing design requirements and being cost effective. Gerth
and Werner et al. [11] have developed a test which allows the reproduction of tool wear
in gear cutting. Tehler and Jonsson [12] suggest a model for simulating volume changes
due to thermal expansion, which allows for accurate simulations of hardening distortions,
an important source of gear quality variations. Sjöberg and Sundh [13] have investigated
the influence of manganese phosphate and lubricants on the risk of scuffing, which can
be related to the running-in of tooth flank surfaces.
The road map for the three papers included in this thesis is given below.
Paper A presents the current ISO 6336 calculation of surface durability and can be seen
as a literature survey. The aim was to use a robust design approach to find out to what
extent the standard treats variations in surface roughness, lubricant viscosity and gear
quality level (accuracy grade). An additional aim was to use the standard without the need
for experimental testing, extensive knowledge, or advanced calculation. Thus, the
simplest calculation method according to the ISO standard was used.
The aim of paper B was to examine the tribofilm formation and the corresponding wear
occurring in the boundary lubrication regime in environmentally adapted lubricants,
when using synthetic ester base fluids with different AW additives. Wear was studied
using a pin-on-disc machine. The worn disc surfaces were analysed by GD-OES (glow
discharge-optical emission spectroscopy) to reveal the surface reactions formed by the
additives.
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The aim of paper C was to compare different gear manufacturing methods and their
inherent surface topographies. The real 3-D surface topography was measured on new
(unused) spur gear tooth flanks produced with four different manufacturing methods.
The measured topographies were used as input to a contact analysis program (boundary
element software) and the pressure distribution for two different loads was calculated at
different mesh positions.
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2 Gear design
Gear design has a long tradition of empirical testing and standardisation work for
dimensioning procedures, beginning in the early twentieth century. This does not make
gear design trivial by any means; rather the opposite.
The combination of rolling and sliding between the gear teeth, the change of size and
direction of the contact load, and the constantly moving contact (Figure 2) means that
gear calculations are quite complex in comparison to other machine components [14].
Additionally, demands from customers and legal regulations, such as increased efficiency
and lower noise levels, call for a continuously evolving process of gear design. Besides
these factors, the robustness of gears also has significant importance, as discussed by
MackAldener [15].

Figure 2. Gear contact – a highly loaded contact.
The gear designer specifies design properties that are directly coupled to achieve certain
aspects of gear performance requirements, such as service life or noise. There are various
design properties, all of which have a unique tolerance that can range from hundreds of
micrometers to just a few micrometers. A brief outline of how design properties can
affect gear performance is given below.
Tooth thickness, for example, is a design property which directly relates to backlash,
affecting positioning and motion control. For load capacity, tooth alignment (lead) is
probably one of the most critical factors, since flank edge contact increases the risk for
high contact pressures at the edges and hence results in a shortened service life. The
accumulated pitch (tooth-to-tooth spacing) variation is the most critical for gear ratio
accuracy. For noise, profile (involute) variations are the most critical according to Smith
[16], due to stiffness variation during the gear mesh.
The required gear performance can more easily be achieved by setting correct design
parameters in terms of macro geometry, micro geometry, and surface topography. These
will influence gear performance both independently and in combination. Macro geometry
includes aspects such as module, number of teeth, and pressure angle, while micro
geometry includes gear quality levels as well as tooth modifications such as lead
crowning, in which the tooth centre is slightly thicker than the tooth edges (an indicative
4

range of the additional thickness would be 10-50μm). Surface topography covers
variations from the theoretical surface and is commonly divided into variations of form,
waviness, and roughness, which are separated based on the surface wavelength.
The selection of micro geometry is often specified in order to achieve a robust design for
a certain gear performance. The use of lead crowning, for example, can adjust for tooth
alignment problems by shifting the peak load from the tooth flank edges, as illustrated in
Figure 3. Bergseth and Björklund [17] compared traditional lead crowning modifications
for gears with a logarithmic profile. All lead profiles were optimised with respect to low
contact pressure at a specific normal load, a specified maximum misalignment in the
plane of action, and a tooth flank edge contact criteria. The logarithmic profile was found
to be less sensitive to small misalignments, which is of interest in terms of achieving a
robust design.

Figure 3. Schematic illustration of a gear contact with no tooth misalignments (left) and with angular
misalignment (right) of gear 2 in the plane of action.
Standard rating formulas for calculation of load capacity (surface durability) are based on
Hertz contact theory; they include numerous design factors, such as the dynamic load
factor and the roughness factor. These factors are there to create realistic evaluations of
the stress levels encountered by a gear pair. Preferably, a gear designer should look at the
performance requirements of a gear and use tolerance tables to select the quality level
that will meet these requirements. However, Paper A shows that these quality levels are
poorly incorporated in the ISO 6336 [5] surface durability calculations. Furthermore, the
standard is restricted to using only a few tolerance parameters. Houser [1] studied the
partially equivalent American national standard (AGMA) and came up with similar
findings, concluding that several factors likely to be affected by manufacturing are not
quantified in terms of quality levels.
Figure 4 shows the influence of surface roughness of the flanks as a function of the mean
relative peak-to-valley roughness and the allowable contact stress σHlim value according to
ISO 6336 [5]. Gears equal to standard reference test gears are used when the roughness
factor is equal to 1. As seen in the diagram, the scatter (width of the hatched field) is
greater than the variation due to the toughness of the flank. This indicates that there are
influences which are not included in the calculation procedure. Joachim and Kurz [4]
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point out that the surface structure influences are not considered in the standard
procedures, nor is the thickness of the lubricant film.

Figure 4. The x-axis shows the mean relative peak-to-valley roughness (μm) and the y-axis the roughness
factor.
The gear designer has the problem of constantly weighing the effect of any proposed
tolerance on gear performance and cost, and of specifying proper values. Generally,
designers prefer tight tolerances, to assure product performance, while manufacturers
prefer loose tolerances, to reduce costs. However, gear design and gear manufacturing go
hand in hand; according to Bagge [10]. While the design properties are set during gear
design in order to adjust for manufacturing variations and to achieve the desired gear
performance, it falls to the manufacturers to find the source of variations, such as wear
of tools, in order to be able to correct them.
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3 Gear manufacturing
Gears are often manufactured in a sequence of operations. Since highly loaded gears are
hardened, it is convenient to separate machining operations before and after hardening
into soft and hard machining operations respectively.
The first operation is usually cutting; one common cutting process is hobbing, which is
illustrated in Figure 5. Hobbing is a widely used machining process to generate involute
gear profiles. It is based on rack-cutter generation where the surface is obtained as the
envelope of a series of cutter surfaces formed during a continuous motion between
workpiece and cutter [18]. The rack-cutter profile is a cutting edge whose straight sides
and fillets machine the flanks and the gear fillet respectively. Bergseth [19] used a
computer-aided design approach to study how the tool wear on a hob portrays its
eigencharacteristics on the tooth flanks. However, the scale used for simulating these
defects was limited by the computer and program resolution capacity. Further work is
necessary to reach microscale levels.

Figure 5. Illustration of a hob and gear wheel setup (left) and a close-up on gear tooth generation (right).
Hobbing is not usually used as a finishing process. To adjust for the inaccuracies inherent
in the cutting process, a further soft operation known as shaving can be used. The
shaving tool can be seen as a helical gear with gashes in the flanks working as cutting
edges meshed with the workpiece in a crossed axis relationship. Shaving can be
performed using different processes (e.g. parallel, plunge, and diagonal), with feed and
sense of rotation being handled in different ways. By removing small amounts of
material, shaving can enhance the overall quality of the gear tooth. Shaving can be used
as a finishing operation, and so machine settings need to be chosen to make allowance
for distortions after hardening. Hardening can be performed in various ways depending
on, for example, the selected steel and desired machinability. In the case of casehardened gears, the surface alone is hardened, up to a predetermined depth.
If increased quality is needed, there is a choice between two finishing operations, honing
and grinding, both of which are hard machining operations. According to Dugas [20], the
process of honing was developed to improve the sound characteristic of hardened gears
7

by a) removing nicks and burrs, b) improving surface finish, and c) making minor
corrections in tooth inaccuracies caused by hardening distortions. Similarly to shaving,
honing is recognised by the machined gear and the honing tool meshing with their axis
intersecting [4]. The honing tool made of abrasive ceramics is formed as an internal
helical gear within which the machined gear is normally driven by the honing tool. The
grinding tool is an abrasive coated wheel and there are essentially two techniques for
grinding gears: continuous worm grinding and discontinuous profile grinding. The first is
characterised by the arrangement of tool and workpiece as a worm gear and the second
by each tooth gap of the machined being processed separately. Honing techniques have
improved in recent years and today honing and grinding can produce almost equal quality
levels. Honing has the advantage that grinding burns are avoided.
Amini et al. [21] have discussed and emphasised the similarities between the above
mentioned finishing operations with respect to surface topography. They found that
surface parameters due to noise activity are profile undulation properties; that is, surface
lay direction, wavelength, and amplitudes. Åkerblom [22] performed experimental
investigations of the influence of different gear finishing operations and gear
manufacturing variations on gearbox noise and vibration. He found evidence that, for
example, shaved gears do not seem to be noisier than ground gears even if their gear
quality levels were larger, and that a rougher surface finish, increased lead crowning, and
helix angle variations seem to increase noise. However, Åkerblom also found strong
evidence that gear noise is affected by factors other than the gears themselves, for
example assembly related variations.
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4 Gear tribology
The contact conditions in gears are influenced by both surface topography and
lubrication formation of protective surface boundary layers. Both phenomena have an
impact on gear performance. The interdisciplinary science for studying these phenomena
is called tribology — the science of friction, wear, and lubrication of contacting surfaces
in relative motion. Friction can be seen as the resistance against sliding between two
surfaces and wear can be defined as the removal of material from solid surfaces as a
result of mechanical and/or chemical action. Lubrication is the most common way to
reduce friction in terms of building up an easily sheared film, reduce wear and to transfer
heat.
Over the years, tribology has focused towards smaller and smaller scales in the
investigation of these phenomena. That is, today it is not just the presence of lubrication
in a machine application that is of importance, but also the type of lubricant and where it
is intended to act. This expansion goes along with the tools of surface science, such as
surface analysis, which provides information about the actual surface layers (Paper B),
and atomic force microscopy (AFM), which makes it possible to quantify 3-D surfaces
with a resolution at atomic levels.
Holmberg [23] has divided tribology into different scales, since the phenomena, the
characteristic set of parameters, and the relevant scientific approaches can often differ
substantially between scale levels. Research at the beginning of the twentieth century
focused on macrotribology or contact tribology, such as contacts between gears and
wears mechanisms clearly observable by visual inspection [23]. The gear standard
calculation of surface durability can be put in this scale. Microtribology or asperity
tribology covers the friction, wear, and adhesion taking place at the peaks of the surface
topography [24]. Here, phenomena such as fracture, elastic and plastic deformation,
surface layer formation, and topography effects are of importance [23]. The overlapping
scale levels covered in this thesis are macrotribology (Paper A) and microtribology (Paper
B and Paper C).
Tribology is highly connected to energy consumption, service life, robustness, and other
factors of current interest today. Although a gear transmission is a classical mature
tribological system, Joachim and Kurz [4] have pointed out that there is a lack of
knowledge regarding the effects of various lubricants on different tooth flank surfaces.
There are several reasons why we need to know more about this; for example, one way
to reduce churning losses is to use a lubricant with lower viscosity. However, a lower
viscosity decreases the thickness of the lubricant film, which increases the risk of surface
failure. Consequently, there is a need for more confidence in the lubricants and the
nature of the surface.
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4.1 Surface topography
Engineering or real surfaces are rough (uneven). Mirror-like surfaces are also rough, at
least at atomic scales. A surface consists of peaks and valleys; that is, it has topography.
Peaks or higher areas are referred to as asperities. The surface topography of interacting
surfaces has a strong impact on the discipline of tribology, since it has an effect on the
contact behaviour. Due to the surface topography, only parts of the surfaces nominally in
contact are actually in contact. The real contact area (AR) is formed by the sum of the
contact spots and the nominal contact area (AN) is formed when the surfaces are
perfectly smooth (Figure 6). The contact ratio (AR/AN) is used in Paper C for comparing
various combinations of gear surfaces in contact at two different loads.

Figure 6. Schematic contact between a rough surface and a smooth sphere [25]. The nominal contact area
is marked with a hatched line; contact spots form the real contact area within this.
Surface topography is traditionally measured using stylus instruments; a fine diamond
stylus is drawn over a surface, and the vertical movements reveal variations from the
theoretical surface. The stylus method is robust and reliable but excessively time
consuming compared to, for example optical methods. The surface measurements in
Paper C were performed with a stylus instrument, a standard measurement device known
as a Form Talysurf. Different surface measurement equipment and various surface
evaluating parameters that can be appropriate for gears are discussed by Xiao [26].
Gear inspection during the sequence of many operations involved in gear manufacture is
crucial for facilitating adjustment of the machines to achieve the desired gear
modifications and quality. The complex shape of the gear tooth has resulted in unique
gear parameters and inspection techniques. The single gear tooth form are measured
along the involute profile and face width (lead) detecting, for example, profile form and
lead form variations. Figure 7 provides two illustrations of how tooth flanks can be
inspected.
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Figure 7. The stylus is drawn along the centre of the tooth profile and lead direction respectively (left). If
the stylus is drawn along the gear tooth edges (right), bias or twist variations can more easily be detected.

4.2 Lubrication
Highly loaded gears often rely on lubrication to prevent gear tooth failures. In a gearbox,
lubrication is usually applied by so-called splash lubrication; the gears dip into a reservoir
of oil in the bottom of the gearbox and splash the oil around.
A lubricant consists of base oil and additives, and its properties depend upon various
parameters such as rheological, chemical, thermodynamic, environmental, and additive
response properties [27]. These properties help to ensure that a mild wear condition is
obtained. Two broad wear regimes are mild and severe wear. Each of these includes
several wear mechanisms. Running-in of the surfaces, which may have a positive impact
on the gear performance and service life, can be seen as a mild wear or a normal wear
condition. However, mild wear is also likely to act as a catalyst for surface fatigue, as
discussed by Flodin [28]. A mild wear would (visually) give mirror-like surfaces, in
contrast to pitting and scuffing, two classical gear wear phenomena illustrated in Figure 8.
Pitting and scuffing can be referred to as severe wear, if they do not regress during the
running-in stage. The standards define failure by pitting (fatigue failure) to mean a
substantial number of destructive pits, where material particles break out of the surface
due to exceeding the surface capacity [5]. Failure by scuffing is recognised by roughing
bands in the involute profile direction. Generally, the failure mode of scuffing is based
on a critical contact temperature at which the lubricant film fails and micro-welding
between asperities takes place [14].

Figure 8. Pitting (left) and scuffing (right) [29].
Depending on the amount of direct contact between the surfaces, the lubrication regime
is classified as boundary, mixed, or full-film. Stribeck [30] studied the general dependence
between the friction force and the lubricant viscosity, sliding speed, and load; this
resulted in the creation of the Stribeck curve shown in Figure 9. The Stribeck curve is
often used to show the different regimes of lubrication, ranging from boundary
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Coefficient of friction

lubrication where metal contact or contact via boundary layers occurs, to full-film
lubrication where the surfaces are totally separated by the lubricant and no metal contact
occurs.

BL

ML

FL

ηv/P
Figure 9. The coefficient of friction varies depending on lubricant viscosity (η), sliding speed (v), and load
(P). BL – Boundary lubrication; ML – Mixed lubrication; FL – Full film lubrication.
Gears predominantly operate in the so-called elastohydrodynamic lubrication regime,
which ranges from mixed lubrication to full-film lubrication. Elastohydrodynamic
behaviour occurs in cases where contact pressures are large enough (1-3 GPa [31]) to
cause the bounding surfaces to elastically deform. Castro et al. [32] believe that in the
mixed lubrication regime the lubricant film separating the contacting teeth is thin, usually
of the same order of magnitude as the roughness, which may cause lubricant film
breakdown. When the lubricant film fails for one reason or another, boundary conditions
occur. At this point, reduction of friction and wear depends on the surface boundary
layer formed on the surface asperities by the additives. These chemical changes occurring
within a few nanometers are key to the performance of lubricants in the boundary
lubrication regime, according to McFadden et al. [33].
The surface boundary layer is typically formed by chemical reactions between additive
elements such as sulphur and/or phosphate. The surface must be able to react chemically
with the additives and form a strong and low shear surface layer. The reaction is activated
by high temperatures. Dizdar found that pre-heating of the surfaces with common
additives can cause these chemically reacted layers to be formed prior to contact [34].
Gears are sometimes coated with a manganese-phosphate-treated layer in order to
achieve a better run-in. Sjöberg and Sundh [13] found that the manganese-phosphate
coating has a greater advantage in terms of resistance to scuffing than a bare ground
surface. However, this coating was found to be worn off at the early stage of the gear
run-in.
The formation and composition of surface layers depends strongly on the chemical
composition of the lubricant and also on the nature of the surface. The formation of
oxide films is known to play an important role in the reduction of wear and friction in
sliding metal surfaces [35]. The thickness of the oxide layer was found to play an
important role with respect to wear in Paper B. The mechanism of formation and
rupture of oxide layers and boundary layers is not completely known, and according to
Rapetto [36] there is no reliable model for rough surfaces in boundary lubrication.
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The market is still dominated by mineral oil based lubricants. As a result of this, most of
the standards are based on tests using mineral oils. Höhn et al. [37] found that with
synthetic oils, oil ageing (caused by high operational temperatures and long exposure
times) had only a minor effect on gear life, in comparison to a reference mineral oil.
Today, we are faced with a broad range of environmentally adapted lubricants based on
both natural and synthetic esters. The chemistry of natural and synthetic esters differs
from that of mineral based oils. Hence, the additive responses in these esters in turn
differ from those in mineral based oil. In order to optimise the benefits of an
environmentally adapted lubricant, a better understanding of the additive and base fluid
interaction is desirable. Both natural and synthetic esters can be used as a base fluid for
an environmentally adapted lubricant. Synthetic esters are manufactured and tailored to a
specific structure and are produced by reacting an alcohol with a fatty acid. The alcohol is
usually of petrochemical origin, while the fatty acid is prepared from natural vegetable
and animal oils and fats. There is a wide variety of both fatty acids and alcohols. Hence,
there is a wide range of esters available.

4.3 Gear contact modelling
It is hard to find a substantial solution among the existing gear design methods suggested
by Townsend [38], Litvin and Fuentes [18], and standards [5] for the estimation of
surface durability. These methods may lead to overdesign and so many gear researchers
develop their own models to obtain more accurate results.
The finite element method (FEM) has become the prevalent technique used for analysis
and simulation of gears [39]. The method is used for studying the mechanical behaviour
of gears influenced by various factors, such as the tooth profile (profile shift), the
appearance of the gear fillet, rim thickness, tooth modifications, assembly errors, and so
on. Li [40] developed a 3-D finite element method to calculate surface contact stress and
root bending stress for a pair of spur gears with machining errors, assembly errors, and
tooth modifications. Li suggests that FEM should be used for gear pairs exposed to these
sorts of errors, instead of using standard rating procedures. Mao [41] applied micro
geometry modification and simulated the gear contact behaviour using an advanced nonlinear finite element method. This technique can simulate rolling/sliding and separation
without a first estimation of the contact calculated with Hertzian theory. However, there
are commercial programs available ([42], [43]) which are usable even when the design
chosen does not conform with the design considered in the standard.
The above solutions assume that the contacting surfaces are smooth. This assumption is
often made, since sufficient resolution in the contact area would make the size of the
finite element model very large. Hertz's theory remains the basis for the analysis of most
contact problems. It is based on the following assumptions: 1) the surfaces in contact are
smooth, 2) the contact is elliptical, 3) the contact area between the bodies is generally
small compared to the dimensions of the bodies themselves, 4) the strains are sufficiently
small for linear elasticity to be valid, and 5) the contact is frictionless so that only normal
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pressure is transmitted. Other approaches allow a more general shape of the contact, not
limited to an elliptic shape, and can be used to simulate rough surfaces in contact.
In the rough case the load will be carried by several contact spots, as illustrated in Figure
6. There are two types of approach to modelling the contacts between rough surfaces;
the numerical and the statistical. Numerical approaches are used for limited contacts
where the actual topography of the surfaces is known and where it is possible to calculate
the real contact pressure due to the real surface topography. Björklund and Andersson
[44] developed a numerical model for studying micro-slip contact phenomena where the
contact patch is subjected to both normal and tangential loading. Almqvist et al. [45]
developed a similar deterministic model to be used for numerical simulation of the
contact of linear elastic and perfectly plastic rough surfaces. Statistical approaches, on the
other hand, make use of the stochastic nature of rough surfaces and are not concerned
with the exact topographies of the surfaces [25]. Greenwood and Williamson [46] made a
first approach to this by assuming a convenient shape for the asperities (e.g. spherical)
and using statistical parameters to describe their heights and sizes in order to compare
different kinds of surface roughness.
The assumption that highly concentrated stresses in the region close to the contact zone
are not greatly influenced by the shape of the bodies at a distance from the contact area
plays an important role in contact mechanics, and is usually called the half plane assumption.
This introduces the potential for error, which may be avoided by using the finite element
approach. Vijyajakar [47] has addressed the problem by combining boundary element
and finite element solutions; however, this method also contains an assumption about
when the boundary and finite element solutions are valid, and so the potential for error is
still present.
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5 Methods
The work described in this thesis was both experimental and analytical. It was primarily
related to highly loaded contacts, for example those seen in gear transmission for heavy
trucks.

5.1 Surface Analysis
In order to obtain information about the composition of chemically reacted surface
layers, the specimens used in Paper B were analysed with a method called glow discharge
- optical emission spectroscopy (GD-OES), a technique recognised within the
international standards [48].
GD-OES combines sputtering and atomic emission techniques for element depth
profiling. During analysis, a low-power argon plasma is generated in the analysis chamber
by the applied voltage between the anode and cathode (the sample surface forms the
cathode). Material is continually removed from the sample area by ionised argon atoms at
a rate of 1μm/min in steel. The constituent atoms are then exited in an electrical field so
that they glow. The light, which is characteristic to the emitting element, is detected and
analysed using a conventional optical emission spectrometer, and the elemental depth
profile is obtained from the emission intensities as a function of sputtering time.
Example of an element depth profile can be seen in Figure 10. The advantages and
limitations of the method are discussed by Dizdar [34].

Analyte weight percent

The additives will react with or adsorb to the surfaces. In order to characterise the work
of the additives, the crossing point between oxygen and iron (DO in Figure 10) was
chosen for studying the oxide layer formations. A thick oxide surface layer can reduce the
wear coefficient for boundary lubricated contacts [49]. To examine the importance of
sulphur, compounds of which are active in preventing wear, the crossing point between
sulphur and iron was selected (not shown). Additionally, the increase of iron (by
comparing different levels of iron) was also used to gain information about the degree of
the reacted surface layer.

DO

Depth profile [nanometers]
Figure 10. A quantitative depth profile diagram using GD-OES. The crossing point (DO) between
oxygen and iron is marked.
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5.2 Pin-on-disc
The pin-on-disc machine used in Paper B consisted of a horizontal rotating disc and a
calibrated dead-weight-loaded pin. The pin has a spherical end that is sliding against the
disc. The normal load, temperature, and humidity were kept constant during each test
run. The friction force was automatically measured in the pin-on-disc configuration by a
load cell. A small brush was used to apply the lubricant continuously with the aid of
pressurised air. Due to sliding distance, there was significantly more worn-off material on
the pin than on the disc, and so the wear was coupled to the pin only.

5.3 Contact modelling
A numerical model for contact analysis was used in Paper C. The model makes use of a
boundary element method, along with topographical measurements of differently
manufactured tooth flanks as data input.
The contact computation program works by replacing the continuous pressure
distribution with a discrete set of cells. The pressures and deformations are calculated for
each cell. In this case, the contact computation applies to normally loaded, frictionless,
elastic contacts. In an elastic contact, the deformation at one point will be influenced by
the pressure and deformation at all other points. Moreover, modelling the interacting
bodies as infinite half-spaces implies that the region of contact is small compared to the
size of the bodies and that the slopes of the asperities are small, so that the tangential
component of a normal traction can be neglected. The materials are considered
homogeneous and isotropic. A brief outline of the program developed by Björklund and
Andersson [44] is given below.
The contact area is divided into rectangular cells, each of these being subjected to a
uniform unknown pressure p. Knowing the gap h between the cells before deformation
and the applied normal displacement δz, the solution is obtained from an equation system
which written in matrix form becomes:
C p = δz − h

(1)

where C is the influence coefficient matrix. The sizes and shapes of the real contact areas
are not known in advance. An initial estimate, which will contain the true contact region,
is the contact area obtained if the bodies are allowed to penetrate each other without any
interaction (Figure 11). When solving Equation 1, the pressures at cells outside the true
contact regions become negative. These cells are removed and the equation system is
solved iteratively until all pressures are positive.
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Figure 11. Schematic geometry of a contact before (hatched) and after (solid) deformation [25]. The
estimated contact region is obtained if the bodies are allowed to penetrate each other without any
interaction.
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6 Concluding remarks on the appended papers
This thesis comprises three papers (Appendices A-C) relating to phenomena occurring in
highly concentrated steel contacts in gears. Paper A summarises the knowledge embodied
in gear standards, while Papers B and C use experimental and numerical tools of surfaces
science to study contact phenomena. Although it is a challenge to scale up knowledge
from microscale levels to a gear system in practical application, it is at these levels that
progress can be made in increasing the gear contact load capacity.
Paper A can be seen as a literature survey of the current international standard gear rating
procedures. The paper reports that the standard is not useful in simulating variations in
gear quality levels (accuracy grades), since these are poorly incorporated in the standards
and are limited to variations in pitch error, lead variations (misalignment), and profile
form variation; this has also been reported by Houser [2]. The results in Paper A prompt
the recommendation that these quality levels should mainly be used only for guidance
and for communication purposes. Additionally, variations in surface roughness and
lubricant design are restricted to standard reference test gears and mineral oils
respectively. These gaps in information are addressed in Papers B and C.
The lubricants of tomorrow will certainly shift towards more environmentally adapted
lubricants based on both natural and synthetic esters. The chemistry of natural and
synthetic esters differs from that of mineral base oils, and so esters also show different
additive responses. In Paper B, a pin-on-disc machine was used to evaluate the tribofilm
formation by the additives and the corresponding wear occurring in the boundary
lubrication regime in environmentally adapted lubricants. Studies of the additive and base
fluid interaction were carried out using a surface analysis method (GD-OES). The results
showed that the chemically reacted surface boundary layers played an important role in
terms of wear. More specifically, the oxide layer thickness had a significant influence on
wear; this is in agreement with the results of Olofsson and Dizdar [49]. The findings of
Paper B also demonstrate the complexity of lubrication design formulations coupled to
these layers. For example, it was found that the pre-existing surface boundary layer
(before any lubricant has been added) plays an important role in allowing the lubricant to
react properly with the surfaces. The results of Paper B indicate that the base fluid itself
was highly reactive, leaving no surface available to the additives under the prevailing test
conditions.
Paper A also reports that the standard rating procedures make very little consideration of
the effects of various initial tooth flank properties inherent in the manufacturing method.
In Paper C, surface topography was investigated by comparing the influence of different
gear manufacturing methods on the contact conditions. The variation in surface
topography inherent in the manufacturing method was found to be an important factor
for early life contact conditions.
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7 Future work
The general research question for further research based on this thesis is how to increase
the contact load capacity and still be able to make robust gears; that is, gears insensitive
to variations in manufacturing. As emphasised in this work, there are a number of
phenomena for which little data is available in the literature, but which nevertheless have
an influence on the gear contact load capacity.
A natural way to continue the work is to find out the effects of various lubricants on
different tooth flank surfaces, since it was found that the pre-existing surface boundary
layer (before any lubricant has been added) plays an important role in allowing the
lubricant to react properly with the surfaces. Additionally, the variation in surface
topography inherent in the manufacturing method has been shown to be an important
factor for the contact condition in the early life of gears. The surface analysis used in this
thesis may be used to investigate whether there is any correlation between different
finishing methods and the choice of lubricant. Since the combined effect of these is hard
to calculate, this analysis would need to be followed by appropriate transmission tests, for
example pitting tests in a FZG test rig.
The coupling between standard quality levels and the gear performance needs to be
studied in more detail to determine the consequence of manufacturing variation.
Experimental testing should preferably be used in combination with computer
simulations, since it can enhance and contribute to the understanding of the problem. A
further step here is to include the elastohydrodynamic effects and temperature
calculations in the contact analysis program.

19

8 References
[1]

Illustration from Semcon Informatic Graphic Solutions 2005 available at
http://imagebank.scania.com/indexie.jsp, 2009.

[2]

Houser D., The Effect of Manufacturing Microgeometery Variations on the Load
Distribution Factor and on Gear Contact and Root Stresses, available at
http://www.geartechnology.com/issues/0709x/houser.pdf, 2009.

[3]

Li S., Effects of machining errors, assembly errors and tooth modifications on
loading capacity, load-sharing ratio and transmission error of a pair of spur gears,
Mechanism and Machine Theory, Volume 42, Pages 698-726, 2007.

[4]

Joachim F.J., Kurz N., The influence of Surface Condition and Lubricant on Tooth
Flank Capacity, Automotive and industrial lubrication : 15th International Colloquium
Tribology, January 17-19 2006, Ostfildern.

[5]

ISO 6336-1:2006(E), Calculation of the Load Capacity of Spur and Helical Gears –
Part 1: Basic principles introduction, and general influence factors.

[6]

Höhn, B.-R., Oster, P., Radev, T., Tobie, T., The "practice relevant pitting test" - A
new improved test method to evaluate the influence of lubricants on the pitting
load capacity of case carburized gears, ASTM Special Technical Publication 1501 STP,
Pages 57-65, 2008.

[7]

Altun D., Lanner H., Market analysis of Swedish gear production, Master Thesis,
Royal Institute of Technology, TRITA-IEO-EX 2007:17, Stockholm, 2007.

[8]

Anderson N., Gear Industry Vision – A vision of gear industry in 2025, developed
by the gear community, Energetics, Inc., 2004.

[9]

Homepage for KUGG available at www.kugg.itm.kth.se, 2009.

[10] Bagge M., An approach for systematic process planning of gear transmission parts,
Royal Institute of Technology, Licentiate Thesis, TRITA-IIP-09-01, Stockholm,
2009.
[11] Gerth J., Werner M., Larsson M., Wiklund U., Reproducing wear mechanisms in
gear hobbing – evaluation of a single insert milling test, Wear, in press.
[12] Tehler M., Jonsson S., A Material Model for Simulating Volume Changes during
Phase Transformations, Proceedings of the European COMSOL Conference 2007 in
Grenoble France, October 23-24 2007, Volume 2, Pages 648-653.
[13] Sjöberg S., Sundh J., Scuffing Resistance of Gear Surfaces – Influence of
Manganese Phosphate and Lubricants, Proceedings of ECOTRIB 2009 2nd European
Conference on Tribology, June 7-10 2009, Pisa.
[14] van Beek, A., Machine lifetime performance and reliability, Delft University of
Technology, Delft, 2004.

20

[15] MackAldener M., Robust noise characteristic of gears due to their application,
manufacturing errors and wear, Royal Institute of Technology, Doctoral Thesis,
TRITA-MMK 2001:8, Stockholm, 2001.
[16] Smith R.E., Gear Tolerances, Chapter 7 in Dudely’s Gear Handbook, ed.
Townsend D., McGraw-Hill, New York, NY, 1992.
[17] Bergseth E., Björklund S., Logarithmical crowning for spur gears, Proceedings of
ECOTRIB 2009 2nd European Conference on Tribology, June 7-10 2009, Pisa.
[18] Litvin F.L., Fuentes A., Gear Geometry and Applied Theory, Second Edition,
Cambridge University Press, Cambridge, UK, 2004.
[19] Bergseth E., Virtual Hobbing, Proceedings of OST-07 Symposium on Machine Design,
Tallin, September 5-6 2007, Tallin.
[20] Dugas J.P., Gear Finishing by shaving, rolling, and honing, Chapter 18 in Dudely’s
Gear Handbook, ed. Townsend D., McGraw-Hill, New York, NY, 1992.
[21] Amini N., Rosén B.G., Westberg H., Optimization of Gear Tooth Surfaces,
International Journal of Machine Tools and Manufacture, Volume 38, Pages 425-435,
1998.
[22] Åkerblom M., Gearbox Noise – Correlation with Transmission Error and
Influence of Bearing Preload, Royal Institute of Technology, Doctoral Thesis,
TRITA-MMK 2008:19, Stockholm, 2008.
[23] Holmberg K., Reliability aspects of tribology, Tribology International, Volume 34,
Pages 801-808, 2001.
[24] Bowden F.P., Tabor D., Friction and lubrication of solids. Part I, Oxford
University Press, Oxford, 1950.
[25] Björklund S., Elstic Contacts Between Rough Surfaces, Royal Institute of
Technology, Doctoral Thesis, TRITA-MMK 1995:4, Stockholm 1995.
[26] Xiao L., Gear tribology: friction and surface topography, Chalmers university of
technology, Doctoral Thesis, ISBN 91-7291-581-1, Göteborg, 2005.
[27] Pettersson A., Environmentally Adapted Lubricants – Properties and Performance,
Luleå University of Technology, Doctoral Thesis, ISSN 1402-1544, Luleå, 2006.
[28] Flodin A., Wear of spur and helical gears, Royal Institute of Technology, Doctoral
Thesis, TRITA-MMK 2000:12, Stockholm, 2000.
[29] Pictures taken from homepage: www.tribology-abc.com, 2009.
[30] Stribeck R., Die Wesentlichen Eigenshaften der Gleit- und Rollenlager, Zeitschrift
des Vereins Deutscher Ingenieure, Volume 46, Pages 1341-1348, 1432-1438, and 14631470, 1902.

21

[31] Günsel S., Korcek S., Smeeth M., Spikes H.A., The elastohydrodynamic friction
and film forming properties of lubricant base oils, Tribology Transactions, Volume 42,
Pages 559-569, 1999.
[32] Castro J., Sottomayor A., Campos A., Seabra J., Prediction of the Friction
Coefficient Between Gear Teeth Using a Mixed Film Lubrication Model, Proceedings
from the 29th Leeds-Lyon Symposium on Tribology: Tribological Research and Design for
Engineering Systems, September 3-6 2002, Pages 603-612.
[33] McFadden C., Soto C., Spencer N.D., Adsorption and surface chemistry in
tribology, Tribology International, Volume 30, Pages 881-888, 1997.
[34] Dizdar S., Formation and failure of chemireacted boundary layers in lubricated
steel contacts, Royal Institute of Technology, Doctoral Thesis, TRITA-MMK
1999:7, Stockholm, 1999.
[35] Sullivan J.L., Boundary lubrication and oxidational wear, Journal of Applied Physics,
Volume 19, Pages 1999-2011, 1986.
[36] Rapetto M., Rough surfaces in contact: artificial intelligence and boundary
lubrication, Luleå University of Technology, Licentiate Thesis, ISSN 1402-1757,
Luleå, 2008.
[37] Höhn, B.-R., Michaelis K., H-P. Otto, Influence of oil ageing on pitting life time,
Proceedings of ECOTRIB 2009 2nd European Conference on Tribology, June 7-10 2009,
Pisa.
[38] Townsend D., Dudely’s Gear Handbook, McGraw-Hill, New York, NY, 1992.
[39] Prášil L., Mackerle J., Finite element analyses and simulations of gears and gear
drives – A bibliography 1997-2006, Engineering Computations: International Journal for
Computer-Aided Engineering and Software, Volume 25, Pages 196-219, 2008.
[40] Li S., Finite element analysis for contact strength and bending strength of a pair of
spur gears with machining errors, assembly errors and tooth modifications,
Mechanism and Machine Theory, Volume 42, Pages 88-114, 2008.
[41] Mao K., Gear tooth contact analysis and its application in the reduction of fatigue
wear, Wear, Volume 262, Pages 1281-1288, 2007.
[42] Helical Guide Users Manual, Advanced Numerical Solutions, www.ansol.us, 2009.
[43] Ohio State University, LDP Load Distribution Program, www.gearlab.org, 2009.
[44] Björklund S., Andersson S., A Numerical Model for Elastic Contacts Subjected to
Normal and Tangential Loading, Wear, Volume 179, Pages 117-122, 1994.
[45] Almqvist A., Sahlin F., Larsson R., Glavatskih S., On the dry elasto-plastic contact
of nominally flat surfaces, Tribology International, Volume 40, Pages 574–579, 2007.
[46] Greenwood J.A., Williamsson J.B.P., Contact of normally flat surfaces, Proceedings of
the Royal Society of London. Series A, Mathematical and Physical Sciences, Volume 295,
December 6 1966, Pages 300-319.
22

[47] Vijyajakar S., A combined surface integral and finite element solution for a threedimensional contact problem, International Journal for Numerical Methods in Engineering,
Volume 31, Pages 525-545, 1991.
[48] ISO 14707:2000, Glow discharge optical emission spectroscopy (GD-OES) –
Introduction for Use, 2001.
[49] Olofsson U., Dizdar S., Surface analysis of boundary lubricated spherical roller
thrust bearings, Wear, Volume 215, Pages 156-164, 1997.

23

