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ABSTRACT
The demands the automotive gear designer has to consider during the gear design process
have changed. To design a gear that will not fail is still a challenging task, but now low noise
is also a main objective. Both customers and legal regulations demand noise reduction of
gears. Moreover, the quality of the product is more in focus than ever before. In addition, the
gear design process itself must be inexpensive and quick. One can say that the gear designer
faces a new design environment. The objective of this thesis is to contribute to the answer to
some of the questions raised in this new design environment.
In order to respond to the new design situation, the gear designer must consider new
phenomena of gears that were previously not a matter of concern. One such phenomenon is a
new gear failure type, Tooth Interior Fatigue Fracture (TIFF). As the gear teeth are made
more slender in an attempt to reduce the stiffness variation during the mesh cycle, thereby
potentially reducing the noise, the risk of TIFF is increased. The phenomenon of TIFF is
explored in detail (paper III-VI) through fractographic analysis, numerical crack initiation
analysis using FEM, determination of residual stress by means of neutron diffraction
measurements, testing for determining material fatigue properties, fracture mechanical FEanalysis, sensitivity analysis and the development of an engineering design method. The main
findings of the analysis of TIFF are that TIFF cracks initiate in the tooth interior, TIFF occurs
mainly in case hardened idlers, the fracture surface has a characteristic plateau at
approximately the mid-height of the tooth and the risk of TIFF is more pronounced in slender
gear teeth.
Along with the more optimised gear design, there is a tendency for the gear to be less robust.
Low robustness, i.e., great variation in performance of the product, implies a high incidence
of rejects, malfunction and/or bad-will, all of which may have a negative effect on company
earnings. As the use of optimisation decreases the safety margins, greater attention has to be
paid to guaranteeing the products’ robustness. Moreover, in order to be cost-effective, the
qualities of the gear must be verified early in the design process, implying an extended use of
simulations. In this thesis, two robustness analyses are presented in which the analysing tool
is simulation. The first one considers robust tooth root bending fatigue strength as the gear is
exposed to mounting errors, the second one considers robust noise characteristics of a gear
exposed to manufacturing errors, varying torque and wear. Both of these case studies address
the problem of robustness of gears and demonstrate how it can be estimated by use of
simulations. The main result from the former robustness analysis is that wide gears are more
sensitive to mounting errors, while the latter analysis showed that to achieve robust noise
characteristics of a gear it should have large helix angles, and some profile- and lead
crowning should be introduced. The transverse contact ratio is a trade-off factor in the sense
that both low average noise levels and low scatter in noise due to perturbations cannot be
achieved.
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PREFACE
The work presented in this thesis commenced 18 August 1997. It has been carried out at
Scania CV AB, Transmission Development, and the Department of Machine Design at the
Royal Institute of Technology (KTH). It was supported by the Swedish Research Council for
Engineering Science (TFR). This support is gratefully acknowledged. Scania is acknowledged
for generously giving me the opportunity to work at a large multinational industrial company,
with everything that brings, and at the same time allowing me to pursue scientific work. Much
of the research presented in this thesis has been carried on within an informal research
collaboration group between academia and Scania, called Ytmekanikgruppen. In fact, out of
six papers in this thesis, five are a direct or indirect result of this research co-operation. I
would here like to express my gratitude to the members of the Ytmekanikgruppen.
As with many other things in life, this thesis is the result of a chain of events, many of them
involving other persons. When you look back on all the links forming the chain it becomes
clear that each link is crucial for the completeness of the chain. Some persons have taken a
very active and direct part in the creation of this thesis, others are not even aware of their
contribution to this thesis and the importance of their actions. I shall here try to mention the
most crucial events in the creation of this thesis and also take the opportunity to thank those
people who, by coming my way, have contributed to this work.
The basis for a doctoral thesis in machine elements is an interest in technology. My
fascination for technical things was founded in my grandfather’s basement where he had his
workshop. In this workshop, my grandfather, John the carpenter, kept all his tools. Here, he
helped me to build my first technical inventions, and at the end of the summer, when my
family had to go back home, he used to give me one of his tools. I am most grateful for the
seed of technical interest he planted in me.
If it had not been for my parents, Ulf and Lena, both in the teaching profession, I would
probably have become a carpenter like my grandfather. But thanks to their endless patience
when helping me with my homework when I was a slow-reading grammar school boy, I
understood that there were other things for me in life than to be a carpenter. Their love and
care during my growth until today is not just something that helped me in my work with this
thesis; it has been an absolute condition. I thank them for what they have meant, and mean, to
me.
My sister, Anna, is thanked for making way for me in life. First, by staying out late in the
evening, to my parents’ annoyance, making it easier for me when I grew older to do the same,
but also in more important matters. She has been my mentor from my very first day in this
world.
After having conquered the difficulties with my grammar homework, I passed high school
and college and graduated from the Royal Institute of Technology. I then took employment at
Alfgam Optimering. There, I met my Finite Element Master, Dr. Dan Holm. There are no
technical problems Dan cannot solve with a computer and a FORTRAN compiler. During my

III

M. MACKALDENER
TOOTH INTERIOR FATIGUE FRACTURE & ROBUSTNESS OF GEARS

two years at Alfgam, Dan introduced me to the secrets of Finite Element Method. I could
probably have written this thesis without this knowledge, but it would have taken twice as
long.
I also thank Dr. Lennart Molin for helping me sort out my thoughts concerning my career and
aiding me in the process that led me to apply for work as an industrial researcher at Scania.
On the 18th of August, 1997, I started my work as an industrial researcher at Scania CV AB.
My manager then, and during all my time as a researcher at Scania, was Gunnar Strandell, to
whom I owe a lot. Gunnar provided me with the best possible conditions for carrying on
research in the industry, which is not an easy task. Gunnar has always been loyal to me,
giving me time for my research when I needed it, being a discussion partner when I required
that. Without Gunnar, this thesis would not have been. Then, of course, thanks go to all my
colleagues at Transmission Development for providing a stimulating atmosphere: Henrik,
Jocke, Anders, Patrik, Frank, Johan, Börje. A special thanks is directed to Arne, for always
taking time to discuss my problems, and to Olle, for being a friend who shared my situation as
an industrial researcher.
Prof. Sören Andersson, my supervisor and academic guide and guardian during my work as a
researcher, is truly thanked. Sören has always been one step ahead in my research, and he
carefully guided me past the toughest obstacles, a quality characterising a good coach. But
Sören has not only shared his thoughts concerning my research; we have also discussed nonprofessional matters, not to mention the endless discussions concerning my career after my
examination. I’m immensely grateful.
In the beginning of my research deed, my road crossed with Assoc. Prof. Mårten Olsson. We
initiated a co-operation on a failure that had been observed at Scania. By then, we didn’t
know that Mårten and I would write four out of six papers in my thesis together. I have truly
appreciated our work together and have enjoyed our fruitful discussions covering both
professional and truly unprofessional matters. Mårten is also the person who has initiated me
into the secrets of academia. I’m enormously thankful for all this.
Many other persons have contributed to this work, and here I’d like to mention some of them:
Per Andersson, Jonas Rickberg and Erik Franzon, for being friends, my mentor Dr. NilsGunnar Vågstedt for fruitful discussions, Christer Olsson for being a source of inspiration
and, finally, my colleagues and friends in the research group at Scania.
The person who has meant most in the creation of this thesis is my wife, Maria. She has been
by my side from the very start of my education in mechanical engineering. Without her
patience and support, this thesis would not have been. Moreover, my life would have been
less meaningful. To her I dedicate this thesis.
Finally, I thank my six-month-old son, Joel. He has not contributed a bit to this thesis, but he
has put it into perspective and taught me what is important in life.
Today, this thesis is the last link in a long chain of events. Later on in my life, it will just be a
link connecting two ends of another chain, but I enjoyed creating it.
Stockholm, May 2001

Magnus MackAldener
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NOMENCLATURE
acp

- Material parameter in Findley critical plane criterion

AGMA

- American Gear Manufacturers Association

ANOM

- Analysis of mean

ANOVA

- Analysis of variation

CIRF

- Crack initiation risk factor

D

- Control factor

D.O.E.

- Design of experiments

DIN

- Deutsche Institut für Normung

EDM

- Engineering Design Method

EU

- European Union

F

- Response

FE

- Finite element

FEA

- Finite element analysis

FEM

- Finite element method

LDP

- Load distribution program

PPTE

- Peak-to-peak Transmission Error

Rb2

- Base radius of gear

TE

- Transmission Error

TIFF

- Tooth Interior Fatigue Fracture

z1

- Number of teeth on pinion

z2

- Number of teeth on gear

εα

- Transverse contact ratio

εβ

- Face contact ratio

φ1

- Rotation angle of input shaft

φ2

- Rotation angle of output shaft

σcrit

- Fatigue limit in Findley critical plane criterion

2D

- Two-dimensional

3D

- Three-dimensional
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1. INTRODUCTION
This chapter gives a background and a base for the thesis. A historic exposé
is given covering the development of the demands on heavy truck
transmissions. This résumé is aimed to serve as a foundation for the
objectives of the thesis. The objectives of the thesis are discussed as well as
the research approach, the delimitation and the scope of the results. Finally,
the structure of the thesis is outlined in order to guide the reader.

1.1.

Background

One of the first documented uses of gears can be dated back to more than forty centuries ago
when the Egyptians used gear transmissions in their camel-driven watering facilities.

Figure 1.1. Sketch of a camel-driven watering facility.
Today, gear transmissions are used in a wide variety of products, from Xerox machines and
watches to power plants and vehicle transmissions. For vehicle transmissions, in passenger
cars but especially in heavy trucks, traditional gear transmissions are the dominant type of
power-transmitting solution. However, with a growing market share for electrically driven
vehicles, there is also a growing interest for electrical transmissions. But even in an
electrically driven vehicle, gear transmissions will most likely be used in order to reduce the
size of the electrical motors (i.e., the gear will reduce speed and increase torque). For hightorque and high-efficiency applications, traditional gear transmissions are still competitive
and will probably be so for the next few decades.
This thesis deals with phenomena and problems that emerge in the gear design process of
automotive transmissions. The main focus is on heavy truck transmissions, but most of the
findings are applicable to automobile transmissions in general, or even to all types of
transmissions. A heavy truck gear transmission can be seen in Figure 1.2.
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Figure 1.2. An example of a heavy truck gear transmission. A split-range gearbox from
Scania (GRS900), 12+2+2 speeds.

1.2.
Justification of the research - The evolving process of
gear design
Like any other design process, the gear design process is continuously evolving to meet the
demands on the final product. The demands come from the customers, company directives
and legal regulations. Here, a historic résumé of the evolution in the automotive gear design
process is given along with a sketch of the current situation and, finally, a proposed future
scenario. This exposé is valid for the gear design process at Scania CV AB1, covering the time
from the early twentieth century until today, but it should be applicable to gear design in the
automotive industry in general.
Historically, the major concern in automotive gear design has been strength, not to mention
the early struggle to extend the number of speeds in gearboxes. Here, strength usually means
resistance to tooth root bending fatigue or contact fatigue. A brief review of the failure modes
in gears is given in chapter 4. In general, the volume (i.e., centre distance) and the ratio are
chosen according to general demands on the transmission, such as fitting the gearbox into the
chassis, and according to customer demands. The gear designer's task is then to choose the
best design in terms of strength. This is often a trade-off type of problem since many gear
parameters work contradictory with respect to the different failure modes, see for example
Thompson et al. [1], Kader et al. [2], Ciavarella and Demelio [3] or Vedmar [4]. To some
extent, the efficiency and the wear resistance, in the sense that the gear should not
malfunction from wear, has also been considered, but by far the greater part of the time and
effort is spent in assuring the strength. The historical demands on the gear design are
summarised in Figure 1.3.

1

Scania CV AB is a more than 100 years old Swedish truck manufacturing company.
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Wear

Volume
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Figure 1.3. Traditional demands in automotive gear design.
Today, new demands on gears have emerged. The traditional demands on ratio, volume,
strength, efficiency and wear remain, but new requirements have forced the gear designers to
change their way of working. Customers as well as legal regulations press for reduction of the
noise levels generated by heavy trucks. The gearbox's part in the total noise level is not
negligible. Therefore, the main problem the automotive gear designer faces today is to reduce
the noise from the transmission.
Another key issue in today's design is optimisation. In order to increase profit, the product
must be optimised in some sense. Generally, one tries to reduce weight while retaining
strength or stiffness; from now on, that is what is meant by optimisation in this thesis.
Moreover, sharper competition among truck producing companies has forced manufacturers
to consider new properties of the gear. It is not enough to offer only the right function of a
product, it must also have the right quality. Quality can be defined as the fulfilment of the
customers’ expectations, and the customers most certainly do not expect fatal failures. But
good quality is also uniform performance among all produced units. It is generally the case
that, in conjunction with the more optimised product, there is a tendency for that product to be
more sensitive to outer and inner perturbations i.e., to be less robust. This can be understood
by the fact that minimising, for example, weight for a given strength and load increases the
number of highly stressed points in the structure. Therefore, there is a greater risk that small
imperfections in the material will coincide with a highly stressed point. The structure is more
sensitive to material imperfections and thus less robust. By contrast, a non-optimised design
usually has an unintended margin of safety. The designer tends to add some extra material to
critical dimensions ‘to be on the safe side’. The number of highly stressed points is lower, and
therefore the structure is more robust and less vulnerable to material imperfections. Hence,
one consequence of optimisation, in the sense of reducing weight with retained strength, can
be reduced robustness and hence deteriorated quality. In order to fulfil the demand on uniform
quality, in the sense of uniform strength, and an optimised product, in the sense of effective
use of material available, one must consider the robustness of the product. Further explanation
of robustness is given in chapter 3.
The new demands on the gear design can be added to the existing demands as a new level as
in Figure 1.4.
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Figure 1.4. Traditional and new demands on automotive gear design. First level represents
the traditional demands. Second level symbolises the newly emerged demands.
Along with the customer demands and legal regulations concerning the gear design (external
demands) the manufacturers’ expectations on the design process have also changed (internal
demands). In order to improve the company profits, the development must be inexpensive and
quick. The complete picture of the demands on a gear design today is outlined in Figure 1.5 in
which the internal demands on the gear design process are represented by a third level of
requirements.
Inexpensive
Quick
Demands on the
development process
(internal)

Robustness
Quality

Optimality

New added demands
on the gear design
(external)

Noise

Efficiency
Traditional design
demands
(external)

Wear

Volume
Strength
Ratio

Figure 1.5. Internal and external demands on the gear design and its process. First level
represents the traditional demands. Second level symbolises the newly emerged demands.
Both of these levels are external demands. The third level is the internal demands on the gear
design process.
What the future demands on gear design will be is hard to foresee. What is clear is that the
development process must be even quicker and more inexpensive than it is today.
Furthermore, new, stricter regulations for noise emissions from trucks are being discussed in
the EU, and it is likely that these regulations will gain legal force in a couple of years. This,
together with the growing awareness among customers about the noise issues, implies that
gear noise will be an even more pronounced design issue in the future. Today, more than ever
4
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before, the product identity or the image of the product is a competitive device in the struggle
for market share, and the quality, or the robustness, of the product is a significant constituent
in the customer experienced product identity. Therefore, it is here suggested that the interest
in robust gear design will increase in the future.
To summarise what are here believed to be the main issues for gear design in the future, these
are: design for low noise, more optimised gears with regard to all the demands outlined above
and design for robustness.

1.3.

Objectives

This thesis is aimed at contributing to the achievement of competitive heavy truck gears.
Figure 1.6 schematically outlines what is needed to achieve such a gear design.
Knowledge of the
demands from customers
and legal regulations
Optimisation
Robust design
Knowledge about
relevant phenomena

Gear
design
tools

Competitive
heavy truck
gears

Simulations

Effective and capable
production

Figure 1.6. Requirements for the achievement of a competitive heavy truck design.
Firstly, the customer demands and the legal regulations must be understood. These are
fundamentals for the gear design process and they define optimal design. Since gear design is
often a trade-off type of problem (for example low noise is achieved at the expense of tooth
root strength, etc.), it is crucial to understand what is the most important design quality of the
gear. Without this knowledge it is impossible to compare design qualities to each other. This
question was touched upon in the previous section.
Secondly, appropriate gear design tools are required. Optimisation is one such design tool that
is becoming more and more important as the reduced weight becomes more essential. As
mentioned in the previous chapter, there is a risk of deteriorated quality during optimisation of
a product. To control this problem, the designer should also take the robustness into
consideration during the design process - there is a need for a methodology for robust design.
The methodology must not only predict robustness but also show how the designer can
influence the robustness.
The possibility of influencing the design is always greatest in the beginning of the design
process. Later in the design process a design change is more complicated and entails greater
cost. The relationship between the possibility of influencing the design and the cost for the
change is illustrated in Figure 1.7.
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Time
Start
Begin development

Finish
Existing product

Figure 1.7. Relationship between possibility of changing the product and the cost of the
change. (According to Midler [5]).
Therefore, if optimisation and robust design are to be successful, they have to be considered at
an early stage in the design process. This raises a complication. The real quality of the product
is not known until the production has started and the final product can be tested. Before that, a
prototype may be available. However, in many cases a considerable amount of money has
already been consumed during the development process by the time the first prototype has
been produced. Consequently, this is too late a stage in the development process for the
thoughts of robust design and optimisation to make an entrance. The solution is to simulate
the properties. This can be done by means of various numerical simulation methods. Instead
of testing real prototypes, the designer works with virtual prototypes. However, the simulation
approach itself has inherent complexities. One such complexity is that the designer must
know which phenomena are relevant.
A simulation model can never reproduce a physical phenomenon that it is not intended to
simulate. To put it more simply, a dynamic model of a transmission can never answer the
question as to whether there will be any cavities in the cast gearbox housing, and neither can a
cast simulation tell the designer if there is an occurrence of any oscillating phenomena during
gear shift. Each simulation model has as its purpose to answer a specific question.
Optimisation has a tendency to redesign the structure in such a way that new phenomena
appear. For example, minimising the weight of a compressed pillar will not infrequently
require the designer also to consider buckling (a new non-linear phenomenon that was not a
risk in the original design). The designer needs knowledge about which physical phenomena
have to be considered. The simulation model used should be able to predict these relevant
phenomena so that they can be monitored during the optimisation. A property that is not
monitored can neither be controlled nor optimised. A new type of gear tooth fatigue failure,
given the name Tooth Interior Fatigue Fracture (TIFF), has been observed at Scania and is
assumed to be such a relevant physical phenomenon to be considered.
Finally, one needs to have an effective and capable gear production process.
The empty arrows in Figure 1.6 indicate that there are other gear design tools that are required
for the achievement of competitive gears.
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With this sketch of the requirements for the achievement of competitive heavy truck gears as
a base, the objectives of this thesis can be formulated. The three objectives are:
O1. How should the gear designer guarantee robust gear
designs early in the design process?
O2. How can simulations be used in gear design?
O3. Is TIFF a relevant physical phenomenon to consider in gear
design?

1.4.

Research approach

In common for the studies presented in this thesis is that numerical simulations are used to
study physical phenomena in gear applications. The thesis consists of six papers, four
covering analyses of the novel gear failure mechanism, Tooth Interior Fatigue Fracture
(TIFF), and two devoted to robustness analyses of gears using simulations. The research
approach differs between the robustness analyses and the analysis of TIFF.
In the part of the thesis concerned with robustness, two case studies are performed where
commonly known thoughts of robust design are combined with numerical simulations to
establish a new analytical approach that enables the robustness of the structural behaviour of a
product to be improved. The research has its origin in a general question (O1) that is broken
down into a sub-question. The answer to the sub-question is sought by analysis. The results of
the analysis are synthesised into an answer to the sub-question that contributes to the answer
to the main question. Case studies like this may show that a method can be successfully used
in the specific case in question, but they do not demonstrate the general validity of the
method. However, case studies may serve as a communication tool in the explanation of the
method; the general method can then be explored by means of further studies.

General research
question
How to make
robust gears

Sub-question/
Case
How to make noise
characteristics of gear
robust to wear

Contribution to the answer
of the general research
question

Analysis
By tests or simulations

Synthesis
Answer to the
sub-question

Scientific acknowledgement

Figure 1.8. Illustration of the research approach for the two case studies on robustness of
gears (Paper I and II)
The study of the novel gear failure mode, Tooth Interior Fatigue Fracture (TIFF), is typically
problem based and descriptive. A hypothesis for the failure mechanism is proposed based on
observations of a physical failure. FE-analyses are performed in order to verify the
hypothesis. During the analytical work it was found that physical properties of the gear steel,
such as residual stress, hardness, fatigue properties, etc., were needed. These properties were
determined by means of measurement. A sketch of the research approach of the TIFFanalyses is shown in Figure 1.9.
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Observation
New gear failure

Hypothesis
Fracture initiates
in gear interior

Synthesis
Accept or reject hypothesis

Analysis/
Verification
By tests or simulations

Scientific
Acknowledgement

Figure 1.9. Illustration of the research approach for the study of TIFF (Papers III - VI)

1.5.

Delimitation of the research

This thesis deals with the problem of achieving competitive gears. The main focus is on heavy
truck transmissions, but derived results should be applicable to automotive transmissions in
general. However the focus on heavy truck transmissions implies that the gears concerned in
the thesis are case hardened helical gears. Moreover, the research is focused on the “gear
design tools” part of the suggested constituents in the achievement of competitive heavy truck
gears in Figure 1.6. The parts covered in the thesis are shaded in Figure 1.10.
Knowledge of the
demands from customers
and legal regulations
Optimisation
Robust design
Knowledge about
relevant phenomena

Gear
design
tools

Competitive
heavy truck
gears

Simulations

Effective and capable
production

Figure 1.10. Requirements for the achievement of a competitive heavy truck design. Parts
covered in the thesis are shaded.
The issue of customer demands on heavy truck gears was touched upon in section 1.2.
However, no scientific methods are used to determine the customer demands.
The focus in the thesis is on gear design tools. The main contribution consists of a thorough
analysis of a new fatigue failure type in gears, Tooth Interior Fatigue Fracture (TIFF). TIFF is
judged to be a relevant gear phenomenon in the future. The TIFF was observed in rig tests,
and the appearance of the failure surface was not in concordance with previously known
failure types. The analysis of TIFF, presented here, is aimed to give an explanation of the
phenomenon. A hypothesis of the failure mechanism was put forward and it was verified by
numerical simulations. Although the main objective of the TIFF analysis was to explain the
fracture mechanism, some results on how to dimension gears that are TIFF-resistant are
presented. No verifying physical tests are conducted except for the initial rig test.
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The contribution to robust design of gears consists of two case studies, both with gears as the
application. The key issue of the robustness analyses has been to show that robustness
analyses can be combined with simulations. The two analyses do not cover the complete
question of how to guarantee robust gear designs by simulations; they are more to be looked
upon as examples of how to address the robustness problem. Moreover, no physical tests are
conducted to verify the findings; although it is possible, it would have been time consuming.
The question of effective and capable gear production methods is not investigated in this
thesis.

1.6.

Scope of the results

Recall the concept introduced in section 1.3, where the author argued that the requirements
for the achievement of competitive heavy truck gears were knowledge about customer
demands and legal regulations, gear design tools and effective and capable production. The
focus in this thesis is on three constituents of gear design tools, namely: simulations, robust
design and exploration of relevant gear phenomena. Six papers are presented, all of them
contributing to the understanding of the three constituents. The ways in which they relate to
the different issues are outlined in Figure 1.11.
Simulations

I

III
V

II

IV
VI

Methodology
for robust design

Knowledge
about relevant
physical
phenomena

Figure 1.11. Outline of how the appended papers contribute to the covered parts of the gear
design tools needed to achieve competitive automotive gears. The roman numerals
correspond to the appended papers.
Papers I and II are case studies considering the robustness of gears, where numerical
simulations are the analysis tool. Papers III-VI treat the phenomenon of TIFF, which is
analysed by FE-analysis. As the gear designers focus harder on the noise from gears, TIFF is
becoming an important mode of failure - relevant physical phenomenon.
In section 1.2 it was argued that the demands on heavy truck gear design today, as well as in
the future, dictate that the gears must be quiet, optimised and robust. The ways in which the
appended papers relate to these issues are illustrated in Figure 1.12.
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Quiet gears

II

IV III
V
VI

I
Optimal gears
Robust gears

Figure 1.12. Outline of how the appended papers relate to today’s and the future demands on
heavy truck transmissions. The roman numerals correspond to the appended papers.
Paper I is a pure case study showing how the thoughts of robust design and numerical
simulations can be combined successfully. Paper II treats the robust noise characteristics of
gears due to wear. Papers III-V explain the gear failure mechanism, TIFF. TIFF is becoming
increasingly significant as the gears become more optimised towards noise than before. Paper
VI explains an engineering design method for design against TIFF, and it presents a factorial
design.

1.7. Outline of the thesis
In chapter 2, the general problem of noise from gear trains is discussed. The causes of noise
are outlined in general, and the excitation is explained in particular. The generally accepted
and widely used Transmission Error (TE) as a measure of the excitation is introduced. Finally,
the common approaches for the noise reduction of gears are discussed, and the consequences
of these approaches are mentioned.
Chapter 3 treats robust design in general and robust gear design in particular. The fundaments
of robust design are explained and illustrated by a number of examples. At the end of the
chapter two case studies on robust gear design using numerical simulations are presented.
In chapter 4, various gear failure mechanisms are explained. The complexity of dimensioning
gears that will not fail is touched upon, and a new failure mechanism, Tooth Interior Fatigue
Fracture (TIFF), is described and analysed. In addition, an engineering design method for
design against TIFF is explained.
Chapter 5 concludes the findings in the thesis and discusses the results. Finally, in chapter 6,
some future research areas are proposed.
Chapter 7 is a brief summary of the appended papers.
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2. GEAR NOISE
This chapter describes the general noise problem in gear applications. The
concept of gear noise as a process consisting of excitation, transmission and
radiation is outlined. The excitation is further explored, and various ways to
describe it are presented. Finally, the approach for reducing the excitation
in gear applications is discussed, and the consequences of noise reduction
are described.

2.1. The general noise problem in transmissions
Lately, noise has become a major factor of concern in automotive gear design. Both
customers and legal regulations have given rise to demands for quieter gears. Today, new
heavy trucks in Europe are certified in a test not allowing more than 80 dBa total noise
volume [6]. The gearbox's part in the total noise level is not negligible.
In general, the housing of the gearbox serves as an excellent sound barrier for air-borne sound
from the gear mesh. Therefore, the major part of the sound that reaches the receiver's ear is
structure-borne sound radiated from the gearbox housing.
Housing
Input shaft (φ1)
Gear

Output shaft (φ2)

Fundament/
chassis
Structure-borne sound
Air-borne sound

Figure 2.1. Sound radiation from a schematic gearbox.
The noise generation process from an automotive gearbox is similar to noise generation from
any other object. The noise generation constitutes of three parts: i) excitation, ii) transmission
and iii) radiation. For a transmission, the main excitation comes from stiffness variation
during the mesh cycle. This stiffness variation results in varying dynamic forces that excite
vibrations in the structure. The vibrations are transmitted from the gear tooth contact-pair via
shafts and bearings to the gearbox housing. The oscillating gearbox interacts with the
surrounding media, and, by that, the housing radiates noise that reaches the ear of the receiver.
Some vibrations are also transmitted to the chassis or car body, making it radiate noise. In this
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chain of gear noise generation, the gear designer can influence the excitation and to some
extent the transmission.

2.2. Excitation
In the previous section it was indicated that the excitation of the gearbox was due to varying
tooth force as a result of the stiffness variation in the gear mesh. However, there are other
possible explanations for excitation of the gearbox housing. Automotive transmissions are
generally mounted on the engine. Vibrations in the engine, excited by dynamic forces or gas
pressure, are transmitted via the engine block to the gearbox housing, thus making it vibrate.
Another possible source of excitation is road forces causing the whole drive-line to oscillate.
These vibrations are of less interest since they are of low frequency type (< 100 Hz). Among
all possible excitation sources, it is well accepted in the gear community that it is the
excitation in the gear mesh that dominates Smith [7] or Townsend [8].
In the literature, there are various ways to explain the excitations in the gear mesh. The
following concepts have been suggested: mesh stiffness changes [9], dynamic mesh forces
[10], transmission error [11], gear tooth impact [12], friction force effects [13], air pocketing
[14] or lubrication entrapment [12]. Among these, the three first proposals are more or less the
same. The stiffness change causes a transmission error that results in dynamic mesh forces.
Air pocketing (air being squeezed through the gear teeth as they mesh) or lubrication
entrapment (lubrication being squeezed through the gear teeth as they mesh) are other types of
explanations, although neither of them is a severe problem in automotive transmission
applications. Lately, there has been a growing focus on friction force excitation in gears,
although it is generally believed to be of secondary importance.
It is generally accepted in the gear community that the Transmission Error is "the single most
important factor in the generation of gear noise", [8], and one paper confirming this
correlation (between noise and TE) is Barnett and Yildirim [15]. However, the widespread use
of the TE as the only measure of noise is also questioned, mainly on the basis of the accuracy
of the predictions, see for example Smith [16].

2.3. Transmission error
A commonly used measure of the excitation during the gear mesh cycle is the transmission
error (TE). The transmission error is defined as the difference between actual position of the
output shaft and the position it would occupy if the gears were perfectly conjugate, Welbourn
[11]. In mathematical terms:

TE = φ 2 −

z1
φ1
z2

Recalculated as a distance in the line of action, the TE is given by



z
TE = Rb2  φ 2 − 1 φ1 
z2 

where Rb2 is the base radius of gear wheel two, z1 and z2 are the number of teeth and φ1 and φ2
are the angle of rotation of the input and output shaft, respectively. In more popular terms, it
can be stated that the TE is the deviation from constant ratio in a gear.
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φ&1

Z1
Z
φ&2 = 1 φ&1
Z2

Z2

Figure 2.2. Illustration of transmission error.
The transmission error is a result of several factors. There are manufactured transmission
errors, which are obtained for the unloaded gear and are a result of imperfections in the
production or design of the flank shape. Examples of manufactured transmission errors are
lead error, profile error and run-out. If the flank is a perfect involute with no shape errors, the
manufactured transmission error would be zero. Then there are loaded transmission errors,
which is a result of the deformation in the contacting pair of teeth. Loaded transmission error
is present at quasi-static loaded meshing of a gear, but, in addition, there are dynamic effects
if the gear is run at a high speed.

2.4. Gear noise reducing actions
In the chain of gear noise generating mechanisms (excitation, transmission and radiation), the
gear designer can mainly influence the excitation. To focus on the excitation in order to
reduce noise is also in accordance with the tradition in design for low noise, i.e., to reduce the
noise as close to the source as possible.
By choosing gear data appropriately, the gear designer can reduce the TE and the excitation
and achieve a potentially quieter gearbox. There are two ways to reduce the TE: i) reduce the
difference between one or two teeth in contact (presuming the total contact ratio is between
one and two), or ii) smooth out the change from one to two teeth in contact. The first
approach usually implies increasing the overall contact ratio, while the second approach
involves modifications of the flank shape to account for the deformed tooth at a specific
torque, making the transition from one to two teeth in contact less pronounced.
Increasing the overall contact ratio, consisting of transverse contact ratio and face contact
ratio, generally reduces TE. Higher tooth overlap produces a smoother transfer of the load.
For spur gears, a transverse contact ratio of 1.6 means that the gear will have two pairs of
teeth in contact 60 % of the time, and one pair of teeth in contact 40 % of the time. For a
helical gear, the transverse contact ratio means the average number of teeth in contact in the
transversal plane. In Figure 2.3 there is an illustration of a gear with transverse contact ratio of
1.23 and 2.65, respectively.
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Figure 2.3. Illustration of transverse contact ratio. Left: low transverse contact ratio (εα =
1.23). Right: high transverse contact ratio (εα = 2.65).
A transverse contact ratio over two provided 33 percent less mesh stiffness variation than a
gear with contact ratio between one and two. The transverse contact ratio is increased by
using more slender gears (a greater number of teeth). This is generally also favourable to
contact fatigue strength but unfavourable to tooth root bending fatigue strength. As will be
explained later on, slender gear teeth also increase the risk of other failure modes, see papers
III-VI.
The face contact ratio is a measure of the number of teeth in contact along the face width (see
Figure 2.4). The face contact ratio is increased with increasing helix angle and face width.
Line of
contact
tooth 2
Tooth heigth

Path of
contact

Line of
contact
tooth 1
Face width

Figure 2.4. Illustration of the face contact ratio.
For a helical gear it is not possible to state how many tooth contact-pairs there are at a specific
moment in the mesh cycle. Instead, one studies the contact length. The stiffness change that
occurs in a spur gear as a result of the transition from one to two tooth contact-pairs is for the
helical gear represented by the change in contact length. It is clear that large helix angles and
large face widths provide long contact lengths with less stiffness variation as a result, and
hence low TE. However, the face width is usually restricted by the size of the gearbox and
the helix angle by the allowed axial bearing forces.
The second approach to reduce TE is to minimise the transition from one to two tooth contactpairs in contact (presupposing a spur gear with contact ratio between one and two). The idea
is to make one tooth start unloading when the second tooth makes initial contact. This
technique is well represented in the literature [17, 18, 19]. In the helical case, the analogy is to
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make a new tooth come into contact smoothly. This is usually achieved by changing the flank
shape to compensate for the deformed tooth. Examples of the most widely used noise
reducing flank corrections are tip relief, profile crowning and lead crowning, see Figure 2.5.

Figure 2.5. Example of flank corrections. Tip relief, profile crowning and lead crowning.
Since the flank corrections are introduced to compensate for the deformation of the tooth
contact-pair, it also implies that the optimised flank corrections are valid only at a specific
torque value - the design torque. In an automotive application, the torque is never constant.
Moreover, the actual flank shape is never the nominal; there are always manufacturing errors.
The question of interest in an automotive transmission design situation is how to minimise the
TE for all possible torque values and for the possible shape errors. In other words, the
question is how to design a gear with noise characteristics robust to torque and manufacturing
variations. This question is addressed in paper II. Here, optimal flank corrections with respect
to varying torque, manufacturing errors and wear are analysed.
Typical sizes of flank corrections for a heavy truck application are, for the tip relief, 10-50
µm, for the lead crowning, 10-50 µm, and for the profile crowning, 0-15 µm. This is of the
same size as the wear depth that has been measured on the gear teeth (wear depth of
approximately 30 µm have been measured at Scania). Consequently, the wear of the flank can
affect the TE to the same amount as the flank corrections. It is not unrealistic to believe that,
in the future, trucks will be required to undergo an annual test for noise. With such a scenario,
the robustness of the noise characteristics of the gear with respect to wear will be important.
This issue is explored in paper II.
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3. ROBUST DESIGN
This chapter deals with the robustness of a product. Firstly, robust design is
discussed in general terms. A description is made of what is meant by the
robustness of a product and what the constituent elements of a robustness
analysis are. The consequences of the entrance of robustness in gear design
are discussed. The Taguchi method is touched upon and some criticism of it
is highlighted. Finally, two robustness analyses are presented. The first one
considers the robustness of tooth root bending fatigue due to mounting
errors, and the second one considers robust noise characteristics of a gear
exposed to manufacturing errors, varying torque and wear.

3.1.

What is robust design?

Robust design is a design method that helps the designer to
i)

make products robust to environmental conditions

ii)

make products insensitive to component variations

iii)

minimise mean square error about a target value

The aim of robust design is to determine a design that will deliver target performance
regardless of uncontrollable perturbations. Such a design is classified as robust. The method is
based on systematic experiments (fractional factorial designs) and measurement of the quality
(normally by S/N-ratios). Often, a method employed by Genichi Taguchi [20], called the
Taguchi method, is used synonymously with robust design. Box et al. [21] point out that this
is somewhat inappropriate since robust design is a more general concept than the use of the
Taguchi method.
A product or process can be described schematically using a block diagram as in Figure 3.1.
The response is the performance of the product or process, the noise factors are inner or outer
perturbations which the designer or the user is unable to control, the signal factor is given by
the user in order to control the response, and the control factors are chosen by the designer.
The Taguchi method is the tool that the designer uses to determine the values of control
factors in order to make the response insensitive to the noise factors.
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Figure 3.1. Block diagram of product/process.

Initial distribution

Optimised distribution

m
Target

Response

Probability distribution

Probability distribution

In traditional optimisation the aim is to achieve the optimum (i.e., move mean on target), but
robust design is also concerned with reducing the variability. This difference is explained in
Figure 3.2.
Robust distribution

Initial distribution

m
Target

Response

Figure 3.2. Difference between traditional optimisation and robust design. Left: Traditional
optimisation. Right: Robust design.
The importance of considering robustness in optimisation procedures can be illustrated by
means of a short example. In Figure 3.3 the response F is plotted as a function of a design
parameter (control factor) D.
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Figure 3.3. Robust design vs. traditional optimisation.
The relationship between the response (F) and the design parameter (D) is not known to the
designer, but it is desirable that the response should be as low as possible. If the designer aims
for optimal design, point A would be the best choice. However, if there is a variability in the
design parameter illustrated by the distribution curve at the abscissa (which could refer to
acceptable variations of dimensions within the tolerance limits), point A will result in
unacceptable variation in response. In this case, point B would be preferable since it results in
lower variability in the response than point A. Traditional optimisation, if it is successful,
results in point A (peak optimum), while robust design methods produce point B as the best
choice (statistical optimum).

3.2. Consequences of robust design on gear design
As has been discussed in previous sections, the robustness of gears has become increasingly
important. As the gears are being optimised, with respect to noise, strength, volume or any
other quality, robustness is becoming crucial for the customer experienced quality of the gear.
One example of the increased importance of considering the robustness of the gear in the
design stage is the consequences of wear of the gear flank on the noise characteristics of gears
(discussed in detail in paper II). As the gear is optimised towards low noise emissions, all of a
sudden, the wear of the gear plays a new important role. In order to achieve constant noise
characteristics of the gear over time, the robustness due to wear must be considered in the
design stage. Moreover, noise optimisation of gears is performed at the design torque, but the
gear is used at different torque values. To consider this complication, the noise from the gear
should be minimised for all possible torque values; the gear should be robust to varying
torque.

3.3.

The fundaments of robust design

Robust design basically rests on two fundaments: i) factorial design and ii) measurement of
the quality by signal-to-noise-ratios (S/N-ratios). Factorial design is a method for structuring a
series of experiments in order to gain as much information as possible about the studied
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system. Factorial design is also called D.O.E. – Design Of Experiments (Box et al. [22]). The
question that can be answered by a successful factorial design experiment is how the control
factors influence the response. Orthogonal arrays are used for the structuring of the
experiment. Each row in the test array represents one experiment, and each column of the test
array determines the setting of the control factors in each experiment. For a full factorial
design (resolution V), interaction effects between control factors can be determined (i.e., how
the effect on the response resulting from changing one control factor is influenced by the
setting on another control factor). The number of experiments for a full factorial design is
(number of levels)(number of factors). It is possible to reduce the number of experiments by utilising
fractional factorial design, but then it is not possible to resolve all interaction effects. If no
major interaction effects are present, the relationship between control factors and response is
said to be additive.
The second important component of robust design is the measuring of quality. Taguchi states
(interpreted by Phadke [23]) that the measure of quality loss (i.e., the inability to deliver
target performance) should be quadratic. This implies that every discrepancy between
achieved response and target performance results in a quality loss. The difference between the
traditional way of looking at quality and Taguchi’s quality approach is illustrated in Figure
3.4.
Quality
loss

Quality
loss
Quality loss
function

Quality loss
function

A0

A0

Lower limit
Upper limit of tolerance
of tolerance

Lower limit
of tolerance
m-∆

m

m+∆

Upper limit
of tolerance
m-∆

m

m+∆

Figure 3.4. Quality loss function according to traditional design and robust design.
The quality is measured by means of S/N-ratios (signal to noise ratio). Using this approach, it
is possible to determine which control factors affect the mean value (they are called location
factors) and which control factors influence the variability (dispersion factors). Furthermore,
it is possible to monitor whether the effect of a control factor is significant in relation to the
noise.
Robust design by the use of orthogonal arrays is founded on the fact that some kind of
perturbation (noise) is present during the experiments. This is, in fact, how the robustness is
calculated. When the factorial experiments consist of practical experiments, this is always the
case since two repetitions of the same experiment will never result in exactly the same
answer. If, however, the factorial experiments consist of numerical simulations, two
repetitions of the same experiment will result in identical answers. Thus, if the experiments
are going to be carried out by numerical simulations, the noise factors have to be modelled
explicitly.
Traditionally, robust design is combined with practical experiments. Consequently, a
prerequisite for robust design has been to have an existing prototype. This requirement has
prevented robustness from being incorporated as a design criterion early in the design process.
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3.4.

Criticism of the Taguchi method

Robust design using the Taguchi method is sometimes criticised. Most of the criticism is
directed at Taguchi’s use of factorial designs. Taguchi recommends using fractional factorial
designs, generally on three levels. The argument is that in most cases the relationship between
control factors and response is additive and as a consequence all interaction effects will be
small. By pre-assuming additivity, Taguchi can analyse more control factors in a smaller
number of experiments. A verification experiment is conducted after the analysis has been
performed, in order to check the conclusions drawn. Box et al. [22] state that Taguchi’s use of
fractional factorial designs on three levels can jeopardise the designer’s ability to draw correct
conclusions. Moreover, Taguchi’s way of estimating the error (i.e., by pooling, see Phadke
[23]) can lead to unimportant control factors being regarded as significant. Nevertheless, the
literature is full of examples of successful use of the Taguchi method in real applications. In
the following section, two such examples are described.

3.5.

Robust design of gears early in the design process

Paper I (Robust Gear Design with FEM and Taguchi Method) outlines a method for
combining simulation on virtual prototypes and robust design. Traditionally, the Taguchi
method is combined with practical experiments. In the case of the life of gear trains, testing
would be very time consuming. One way to reduce the experiment time is to replace the
experiments with numerical simulations. In paper I, the Finite Element Method (FEM) is used
and an FE-mesh is built by utilising the automatic gear mesh-generating program. The benefit,
in addition to shorter testing times, is the ease of changing parameter settings. The
complication is the need to simulate noise. A way to combine the Taguchi method and FEM is
described and used to increase robustness in the life of gear trains.
As mentioned above, calculation of the robustness requires some type of noise to be present.
In the case of a practical experiment there will always be some perturbations, but with
numerical simulations this is not the case. The solution is to simulate the noise explicitly.
However, great care has to be shown when choosing the noise factors. If repeated practical
experiments on production parts are conducted, all kinds of noise factors are present. In the
case of numerical simulations, however, only those noise factors chosen by the designer to be
included in the experiment are present. The product can only with certainty be made robust
against those noise factors that are included in the experiment. Therefore, attention has to be
paid in choosing the noise factors when experimentation is based on the numerical approach.
However, Phadke [23] states that a product that is robust against some few major noise factors
is generally also robust against other types of noise.
The method is evaluated by applying it to a gear problem. The problem, illustrated in Figure
3.5, can thus be formulated: how should the gear data (control factors) be chosen in order to
make the fatigue strength (response) insensitive to mounting errors (noise factors)?
The basic idea of the experiment is to analyse a number of gear designs (trial designs) where
certain chosen gear data (control factors), assumed to affect robustness, are varied in a
structured manner. For each trial design the sensitivity to mounting errors is estimated by
performing a set of analyses (noise analyses) with introduced perturbations representing the
mounting errors.
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Figure 3.5. Illustration of the robust design problem.
The maximum principal stress in the tooth root was chosen as the response. The control
factors are the gear data, in this case the pressure angle (Ca), face width (Cb), case depth (Cc)
and helix angle (Cd). Three levels were assigned to each control factor. Typical mounting
errors were chosen as noise factors. In a gear train, typical mounting errors are in plane
misalignment between shafts (Na), centre distance error (Nb) and axial misalignment (Nc).
All these errors affect the fatigue life of the gear. Two levels were assigned to each noise
factor.
The experiment is carried out in accordance with D.O.E., i.e., a standard orthogonal array is
chosen to determine the setting combination of the control factors. In this case an L9-control
array is used. For each experiment C1-C9, representing a specific trial design of the gears,
four noise analyses (N1-N4) are performed. In the four noise analyses, the settings of the
noise factors follow the scheme of an orthogonal array. A standard L4 noise array is chosen.
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Figure 3.6. Structure of experiment for robustness.
Each trial design (C1-C9) consists of four noise designs (N1-N4), each representing a single
FE-analysis. The result is analysed by ANOM (analysis of mean) to estimate each control
factor’s influence on the mean of the response, and by ANOVA (analysis of variation) to
estimate each control factor’s significance in comparison to the noise.
The conclusion of the analysis in paper I was:
•

The helix angle, pressure angle and case depth have little or no influence on the
root bending fatigue’s robustness to mounting errors.

•

A thin gear is more robust to mounting errors than a wide gear. This can be
explained by the fact that the wider the gear, the greater the difference in maximum
root stress between ideally meshing gears and meshing gears with end contact (i.e.,
shaft misalignment). This tallies with experience in gear design.

•

The finite element method and the Taguchi method can be successfully combined,
although special attention has to be paid in order to ensure correct modelling of the
noise. The strength of the method is that it is fast and that it conveniently allows
several designs to be tested.

The method pointed out in paper I makes it possible to consider the robustness in the early
stages of the design process. The optimisation of single product properties by using FEM has
been reality for quite a while, but with this technique the robustness can also be predicted and
improved, even though only a virtual prototype exists.
In paper II (Robust noise characteristics of gears due to their application, manufacturing
errors and wear), a robustness analysis is performed where the aim is to achieve a gear with
robust noise characteristics. The variation in transmission error is taken as a measure of noise,
i.e., the peak-to-peak transmission error (PPTE) is the response. The perturbations consist of
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varying torque, manufacturing errors and wear. The control factors are transverse contact
ratio, helix angle, profile and lead crowning. The problem is illustrated in Figure 3.7.
Noise factors
Manufacturing errors
Varying torque
Wear

Response
Noise characteristics
(Transmission error)

Control factors
Profile contact ratio
Helix angle
Profile and lead crowning

Figure 3.7. Illustration of the problem addressed in paper II.
The wear is computed by a wear simulation program developed by Flodin and Andersson [24,
25]. It is based on a linear wear equation, often referred to as Archards’ wear equation [26],
where the wear depth is a product of a wear constant, the pressure and the relative sliding
distance. The program is applicable to arbitrary helical gear designs.
The control factors are controlled by an orthogonal test array (denoted inner array). In each of
the nine trial designs in the inner array, eight noise analyses are performed to estimate the
sensitivity to perturbations. Also, the four noise parameters are controlled by an orthogonal
array (denoted outer array). The lay-up of the Taguchi experiment can be seen in Table 3.1.
Inner Array

Experiment
C1
C2
C3
C4
C5
C6
C7
C8
C9

Ca
1
1
1
2
2
2
3
3
3

Cb
1
2
3
1
2
3
1
2
3

Cc
1
2
3
2
3
1
3
1
2

Outer array

Cd
1
2
3
3
1
2
2
3
1

Na
Nb
Nc
Nd

N1

N2

N3

N4

N5

N6

N7

N8

1
1
1
1

1
1
2
2

1
2
1
2

1
2
2
1

2
1
1
1

2
1
2
2

2
2
1
2

2
2
2
1

Table 3.1. The lay-up of the Taguchi experiment.
Each row (C1 to C9) is one trial design for which eight (N1 to N8) noise analyses are
performed. For each trial design and noise analysis, the response is computed by LDP, [26],
and entered into the appropriate box. This results in 72 sub-analyses.
The robustness of the noise characteristics of the gear can be analysed to address different
questions: i) how to design a gear robust to manufacturing errors and varying torque, ii) how
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to design a gear robust to wear, and iii) how to design a gear robust to all of the previously
described perturbations.
The results of paper II can be summarised as follows:
•

Considering robustness due to manufacturing errors and varying torque value, it is
preferable to have a large helix angle and medium lead crowning. The transverse contact
ratio and the profile crowning are trade-off factors in the sense that low PPTE is achieved
at the expense of low dispersion in PPTE.

•

Considering robustness due to wear, it is advantageous to have medium helix angle,
profile- and lead crowning while the transverse contact ratio is a trade-off factor. Low
dispersion in PPTE is achieved for small transverse contact ratios. Applying a profile
crowning is the same as having an already worn-in gear.

•

Considering robustness in PPTE due to varying torque, manufacturing errors and wear, it
is clear that it is desirable to have a large helix angle and medium profile crowning. For
low average of PPTE, the transverse contact ratio should be high, but this increases the
dispersion in PPTE. Similar behaviour is found for the lead crowning where large lead
crowning results in low dispersion in PPTE (i.e., robust noise), but if the main goal is to
have low PPTE on average, then the lead crowning should be smaller.

In general it can be stated that a gear with robust noise characteristics, with respect to varying
torque value, manufacturing errors and wear, should have some profile- and lead crowning
and a large helix angle. The transverse contact ratio is a trade-off factor in the sense that both
low PPTE and low dispersion in PPTE can not be achieved. Therefore, for minimisation of
gear noise by increasing the total contact ratio, it is better to increase the face contact ratio
rather than the transverse contact ratio since high transverse contact ratio deteriorates the
robustness of the gear. Another conclusion is that high transverse contact ratios increases the
sensitivity to wear.
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4. TOOTH INTERIOR FATIGUE FRACTURE
In this chapter a review of gear failure mechanisms is given. The complexity
of designing gears that will not fail is discussed. Finally, a new type of
fatigue failure in gears is described and explained. The failure is given the
name Tooth Interior Fatigue Fracture, TIFF, and it differs from other
fatigue failures of gears by its crack initiation in the interior of the tooth.

4.1. General gear failure modes
Gears may fail due to different causes. Examples and classifications of failures can be found
in literature such as Tallian [28] and Townsend [8]. According to ANSI/AGMA [29] the
failure types can be divided into 5 categories:
1.
2.
3.
4.
5.

wear
plastic flow
breakage
contact fatigue
cracking

Wear can be subdivided into different types such as adhesive wear, abrasive wear, fretting
wear, rippling, scuffing, scoring, etc. The wear can also be classified as mild, moderate or
severe. Traditionally, the designer has considered the wear to the extent that it should not
result in malfunction of the gear. This implies that rather large wear depths have been
accepted. As the focus in gear design has moved towards noise reduction, less wear is
accepted since even small wear depths might result in drastic change of the noise
characteristics of the gear.
Plastic flow appears when contacting surfaces yield and deform under heavy load. One way to
avoid plastic flow is to increase the hardness of the contacting members.
Another result of severe overload may be various types of breakages. The breakage may be
brittle or ductile and of mixed-mode type or shear type. One particular type of breakage is
case crushing, where the case layer collapses and is crushed into the softer core of the tooth.
Contact fatigue consists of fatigue cracks and detachment of material fragments from the gear
tooth surface due to repeated contact stresses. The contact fatigue normally starts with surface
distress which, in severe cases, may develop into spalling. A typical example of spalling
failure can be seen in Figure 4.1.
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Figure 4.1. Spalling on gear teeth.
If the gear is kept in service despite the occurrence of spalling, a secondary crack may start
from a spalling crater and propagate through the tooth thickness. As a consequence, a part of
the tooth may fall off. A failure of this type has been reported in the German literature by
Shulz et al. [30]. It is referred to as 'Zahnkopfbruch'. The failure surface appeared at a midheight position on the tooth.
Cracking can be subdivided into fatigue cracks and non-fatigue cracks. Non-fatigue cracks are
typically hardening cracks, grinding cracks, rim cracks, etc. One type of hardening crack is
the internal stress rupture reported by Alban [31], Figure 4.2.

Figure 4.2. Stress rupture (The picture is taken from Alban [31]).
Internal stress rupture is a direct result of the accumulated residual tensile stresses exceeding
the strength of the core material in the gear tooth. This rupture occurs before the gear is put
into service.
The dominant type of fatigue cracks are tooth root bending fatigue cracks, but other types
may occur. The development of a tooth root bending fatigue fracture conforms to the normal
three stages of fatigue crack development, namely: 1) crack initiation; 2) crack propagation;
and 3) final fracture. The crack normally starts at the 30o tangent, Nieman [32] (see Figure
4.3).
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30o
Crack initiation
point

Figure 4.3. Crack initiation point for a tooth root bending fatigue crack.
A typical tooth root bending fatigue failure can be seen in Figure 4.4.

Figure 4.4. Typical tooth root bending fatigue failure.
In common for the fatigue cracks (contact fatigue and tooth root bending fatigue) is that they
initiate at the surface. If a crack appears in the tooth interior, it is normally formed during the
heat treatment, thus, it is not a fatigue crack. If the crack is not immediately obvious, it is
normally detected after a short period of service life.
Townsend [8] illustrates where different failure types are likely to appear depending on pitchline velocity and transmitted torque. The pitch-line velocity is proportional to the speed of the
gear. The higher the pitch-line velocity, the thicker the oil film between the engaging gear
teeth. Observe that the diagram in Figure 4.5 is unique for each gear design and that, for
example, the spalling and breakage lines may switch positions for another gear design.
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Scoring

Wear
No failure
(if oil is clean)
Pitch-line velocity

Figure 4.5. Expected failure type depending on pitch-line velocity and torque of the gear.

4.2.

Gear design against failure

When designing a gear, the gear designer must consider many different demands, such as
ratio, torque, speed, mounting dimension, efficiency, noise and strength. The designers’
choice of gear type will depend on the particular demands posed for the gear in question.
Examples of gear types are spur gear, helical gear, hypoid gear, worm gear, etc. As mentioned
earlier, the noise from gears has emerged as a major constraint in gear design. However, it is
still so in heavy truck gear design that the strength of the gear is a challenging task. The
strength of the gear depends on basic gear data but also on the micro-geometry of the tooth,
i.e., flank corrections such as lead and profile crowning, tip relief, etc. Several different
failure types have to be balanced to achieve an optimal design. This problem is addressed in,
for example, Thompson et al. [1], Kader et al. [2] Ciavarella and Demelio [3] or Vedmar [4].
Often, the designer faces a trade-off between different qualities of the gear, such as contact
fatigue resistance, bending fatigue strength and noise emissions. Over the years designers
have gained experience in how to design well functioning gears. Knowledge is collected and
embodied in standards such as DIN [33]. The calculations are normally performed using
handbook formulas, often implemented in simple computer programs. Recently, more
advanced computer-based gear calculation programs have appeared on the market, for
example, RomaxDesigner from Romax Technology Inc. or LDP [26] from Ohio State
University.
In an automobile gear train, the gear wheels are normally made of steel and are of helical
type. Generally, the strength and the noise emissions are critical design properties. If an
acceptable strength cannot be achieved by an appropriate geometrical design, there is always
the option of heat-treating and/or surface-treating the gear. In automobile transmissions
almost all gear wheels are case hardened. The case hardening process improves the hardness
of the surface layer and also generates residual compression stresses in the surface layer. As a
result, both fatigue strength and wear resistance of the gear are improved. Other types of heat
treatment are nitriding and induction hardening. If even higher fatigue strength is aimed at,
the gear teeth can be put through a process of ductile cold-working. One such process is shot
peening, where the gear is shot at with small steel balls. The shot peening produces even
higher compressive stresses in a thin surface layer.
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As mentioned before, there is a need for a reduction of the noise level generated by
automobiles. One design change that can reduce the noise level is to increase the transverse
contact ratio and thus increase the overlap between tooth contact-pairs. This generally implies
a reduction of the thickness of the teeth, thus making them more slender and flexible. As a
result of this design change, a new type of tooth failure can appear.

4.3.

Tooth Interior Fatigue Fracture - A new type of failure

A new type of gear failure has been observed which does not fit into the description of either
tooth root bending fatigue or contact fatigue. The fracture type is given the name Tooth
Interior Fatigue Fracture, TIFF. The new failure is characterised by a failure at approximately
mid-height on the tooth. This distinguishes it from a tooth root fatigue failure. Contact fatigue
begins with surface distress, which can grow to spalling. In severe cases a secondary crack
can grow from a spalling crater through the tooth thickness, and a part of the tooth can fall
off. In contrast to the fracture of severe contact fatigue, spalling craters are not necessary at
the flank surface for a TIFF. In Figure 4.6, photographs of a typical TIFF can be seen.

Figure 4.6. Typical TIFF.

Figure 4.7. Cross-section of a TIFF failure and close-up of a wing crack.
TIFF has been observed in case-hardened idlers. As can be seen in Figure 4.6 and Figure 4.7,
the TIFF fracture surface has a distinct plateau in the central part along the tooth width and at
approximately mid-height of the tooth. In a close-up of the cross-section of the TIFF, Figure
4.7, small wing cracks are observed. The presence of the wing crack in Figure 4.7 indicates
that the main crack has propagated from the centre of the tooth toward the tooth flank, Suresh
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[34]. Sponzilli et al. [35] have reported TIFF-type failures where very large non-metallic
inclusions in the interior of the tooth act as initiation sites for fatigue.
Based on the observations, a hypothesis for TIFF was presented in paper III. This hypothesis
states that the crack is initiated in the interior of the tooth. This distinguishes TIFF from other
fatigue failures of gears. The crack-producing stresses of TIFF are twofold: i) constant
residual tensile stresses in the interior of the tooth due to case hardening; and ii) alternating
stresses due to the idler usage of the gear wheel.
In paper III (Interior Fatigue Fracture of Gear Teeth), TIFF was presented and analysed. An
analysis technique was developed where the state of stress in the tooth during a mesh cycle
was determined by 19 consecutive 2D FE-analyses. The FE-mesh used can be seen in Figure
4.8.

Figure 4.8. FE-mesh for evaluating the state of stress in the gear tooth during a mesh cycle.
Each analysis represented a ‘frozen moment’ in the mesh cycle. By utilising a crack initiation
criterion proposed by Findley [36], the risk of crack initiation in the tooth cross-section was
determined. In the analysis, the effect of shot peening and case hardening was considered, the
latter however in a simplified way.
The conclusions of paper III can be summarised as follows:
•

TIFF has been observed in case hardened idlers.

•

The failure surface of a TIFF has a characteristic shape with a distinct plateau in the
centre at approximately a mid-height position of the tooth.

•

The mechanical driving forces of the crack are residual tensile stresses in the interior
of the tooth and alternating stresses due to the idler usage of the gear.

•

An analysis technique based on FE-computations for the study of TIFF is presented.

•

The analysis shows that alternating stress due to the idler usage of a gear wheel and
tensile stresses due to case hardening lead to potential fatigue initiation in a large
region in the interior of the tooth.

•

The risk of fatigue initiation in the interior of the tooth is increased by idler usage of
the gear wheel as compared to single stage usage.

In paper III, two simplifications were made: i) the transformation strain in the surface layer
due to the case hardening was set to a constant value and not a profile as in the real
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application; ii) homogeneous material and fatigue properties were assigned throughout the
tooth. The analysis showed that the area with the highest crack initiation risk factor was close
to the case-core boundary. However, due to the simplifications, the result in this area is
uncertain. Therefore, the simplifications in residual stress and material properties made in
paper III needed to be corrected. In paper IV, both of these simplifications were taken care of.
In paper IV (Tooth Interior Fatigue Fracture - Computational and Material Aspects), a more
detailed analysis of TIFF was carried out. A transformation strain profile was applied to the
case layer, resulting in a residual stress profile in accordance with the measured residual stress
profile. The residual stress measurement was conducted at Studsvik Neutron Research
Laboratory by means of neutron diffraction. In the Findley crack initiation criterion, two
material constants are needed: the fatigue limit σcrit and acp, which is a material constant
reflecting the material’s sensitivity to normal tensile stress. Fatigue testing on specimens was
conducted to determine the fatigue properties of the gear material, both core and case
material. A smooth transition from the fatigue properties in the case to the fatigue properties
in the core was implemented in the analysis. The result is shown in Figure 4.9.

Figure 4.9. The crack initiation risk factor (CIRF) in the tooth for the gear wheel used in a
single stage gear (left) and as an idler (right). The residual stress profile is applied in
accordance with the measurement, and varying fatigue properties of the fatigue test are used.
Good agreement was found between the predicted region of crack initiation and the crack
surfaces observed in the rig test, see Figure 4.10.
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Figure 4.10. Comparison of CIRF in idler gear and observed fracture surface. The shaded
shape is a cross-section of an observed fracture surface.
The analysis in paper IV showed that the proposed hypothesis, namely that it is possible for a
crack to initiate in the interior of the tooth, is valid. It also showed that the TIFF crack will
initiate in approximately a mid-height position on the tooth slightly below the case-core
boundary.
The conclusions made in paper IV can be summarised as follows:
•

It is possible to determine the two material constants acp (the material’s sensitivity to
normal stress) and σcrit (the Findley fatigue limit) in the criterion by combining the
fatigue limit determined by a pulsating tension test and a pulsating torsion test.

•

Fatigue tests shows that both acp and σcrit are greater in the case material than in the
core.

•

The region where the interior crack will initiate is located at a point approximately
mid-height on the tooth and slightly below the case-core boundary.

•

By using the gear wheel as an idler instead of in a single stage gear, the risk of TIFF
is increased by 20 %.

The approach in which TIFF is analysed by numerical simulations and a crack initiation
criterion can predict the risk of crack initiation at certain loads and the position of the crack
initiation. However, it is not possible to draw any conclusions about the shape of the crack
surface or about whether the crack propagation phase is a short part of the development of the
final failure. In order to study these phenomena, a fracture mechanical investigation of a TIFF
crack was conducted and presented in paper V.
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In paper V (Fracture Mechanical Investigation of Tooth Interior Fatigue Fracture), a threedimensional FE-mesh of a tooth was developed where various crack lengths of an interior
crack could be studied. The crack propagation was studied by computing the stress intensity
factors at the crack tip as a function of crack length. The used FE-mesh can be seen in Figure
4.11.

Figure 4.11. Example of a FE-mesh with a TIFF-crack. The crack length is here 1.3 mm.
The result of the analysis can be presented by means of range in stress intensity factor versus
crack length, as in Figure 4.12. Since the threshold value of the stress intensity factor typically
is between 4 and 5 MPa(m)1/2, it can be seen that the crack will stop as it propagates out into
the case layer.
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Comparison of range in K1 at right and left crack
tip at different crack length
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Figure 4.12. Comparison between range in KI at left (positioned in the core of the tooth) and
right crack tip (positioned in the case layer) as the crack growth into the case layer.
Other results presented in paper V are summarised below:
•

A TIFF-crack is initiated in the interior of the tooth and will propagate into the case
layer where it stops.

•

The main crack propagation will take place into the core, creating a plateau.

•

The crack propagation into the core takes an order of 105 cycles.

•

Only if the redistribution of the tooth force due to the reduced tooth stiffness of a
cracked tooth is considered can the crack deflection towards the root be understood.

In paper VI (Design Against Tooth Interior Fatigue Fracture), a parameter study is presented.
The parameter study was effected as a factorial design, and 5 factors were tested (acp, σcrit,
slenderness ratio, case depth and tooth load). The parameter study showed that the slenderness
is crucial for the risk of TIFF: the more slender the tooth, the higher the risk of TIFF.
Moreover, it was shown that TIFF is a possibility at loads lower than the load where tooth
root bending fatigue occurs and loads higher than the load where contact fatigue occurs.
Therefore Figure 4.5 may be redrawn to include the TIFF failure, as in Figure 4.13.
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Figure 4.13. Expected failure type, including TIFF, depending on pitch-line velocity and
torque of the gear.
An engineering design method (EDM) was developed for the prediction of TIFF. The EDM is
intended to be a design support method helping the gear designer to avoid TIFF in the future.
The EDM showed good concordance with the FE-analyses in the parameter study and
generally overestimated the risk of TIFF by 11 %.
The findings in paper VI can be summarised as follows:
•

TIFF is a possibility at medium load levels, i.e., loads lower than the load where
tooth root bending fatigue occurs, and loads higher than the load where contact
fatigue occurs.

•

The parameters influencing the risk of TIFF are primarily σcrit in the interior, the
slenderness ratio and the tooth load. The lower the σcrit, the more slender the tooth,
and the higher the load the greater the risk of TIFF.

•

The influence from the acp-parameter in the interior is small but positive, which
means that the higher the acp, the greater the risk of TIFF.

•

The influence of the carburising depth on TIFF is small, and the risk of TIFF is
lower for a high carburising depth than for a low.

•

It is possible to estimate the risk of TIFF by the EDM with acceptable accuracy.

The EDM is implemented and provided with a graphical user interface to allow convenient
use by the gear designer. This work is presented in a master’s thesis work conducted at
Scania, see Dyrssen [37]. The graphical user interface is shown in Figure 4.14.
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Figure 4.14. Graphical user interface for the EDM for design against TIFF.
Today, the automotive industry is moving towards the use of more slender gear teeth in an
attempt to reduce noise. This implies increased risk of TIFF. Moreover, the gear designer
must rely on simulations to a greater extent than previously, which implies that the awareness
of relevant failure mechanisms is more important than before. Therefore TIFF, as it is
explained here and more extensively in papers III-VI, is certainly a relevant physical
phenomenon to be considered in the design of gears in the future.
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5. DISCUSSION AND CONCLUSIONS
In this chapter the findings in the thesis are concluded. The relationship
between the derived results to the objectives are discussed. At the end of the
chapter the major conclusions of the thesis are succinctly listed. Finally, the
scientific contribution of the thesis is touched upon.

5.1.

Discussion

This thesis stems from the changed conditions in automotive gear design that have emerged
lately. Traditionally, heavy truck gear design has focused on strength, but today noise and
robustness are increasingly important. It has been argued in this thesis that the requirements
for the achievement of competitive heavy truck gears are: knowledge about the customer
demands and legal regulations, gear design tools and effective and capable production. The
focus in this thesis is on three constituents of gear design tools, namely: simulations, robust
design and exploration of relevant gear phenomena.
As the gears are more optimised, the robustness becomes more important. For example, noise
optimisation of gears is generally performed at the design torque, but the gear is used at
different torque values. To consider this complication, the noise from the gear should be
minimised for all possible torque values, i.e., the gear should be robust to varying torque. The
same is true for all kinds of optimisation. Optimising a structure without also considering the
robustness will jeopardise the robustness of the product. Moreover, robustness analyses
generally demand a large number of analyses to allow for the estimation of the sensitivity to
perturbations. For this purpose, if robust design is to be successfully included in the design
process, it must be based on simulations and not physical tests. This answers the first
objective (O1) of this thesis. Namely, in order to guarantee robust gear designs early in the
design process the gear designer must rely on simulations. The analyses in papers I and II
illustrate how robustness analyses and simulations can successfully be combined to achieve a
robust gear design early in the design process. The combination of simulations and robust
design might not be enough to guarantee robust design, but it provides a promising method.
It is well known that the later in the design process the design change occurs, the more
complicated and costly the change will be. Thus, if robust design, noise analysis or any other
analysis is to be successful, it has to be considered at an early stage in the design process.
Simulations can solve this complication. In this thesis, six papers are presented, all of them
showing how simulations can be used to predict gear properties. The two robustness analyses
in papers I and II directly address design questions that occur in heavy truck gear design. All
six papers partly answer objective O2 (How can simulations be used in gear design?) of this
thesis, but there are still numerous ways whereby simulations can be used successfully in gear
design. On the other hand, simulations introduce new complexities in the design process. A
simulation model can only predict phenomena it is intended to simulate. Therefore, extended
use of simulations requires knowledge about what phenomena are relevant to simulate.
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Customers’ awareness of the problem of noise emissions from heavy trucks is increasing, and
the gearbox portion in the trucks’ total noise generation is not insignificant. With this as a
base, the focus on noise and robustness of gears puts the wear of a gear into a new light. In
order to reduce the excitation in the gear mesh, the designer generally introduces flank
corrections of size 10-50 microns (valid for heavy truck transmissions). These corrections are
of the same order of magnitude as the wear depth. This implies that the wear might change the
excitation in the gear to the same extent as the corrections. Trends in legal noise regulation
move to stricter noise limits and tougher control. It is not unlikely that, in the future, annual
testing for noise from heavy trucks will be required. To meet this changed reality of the
demands on gears, one must consider the issue of the robustness of the gear (with respect to
the noise characteristics, but also other properties) early in the design process. Paper II
presents a robustness analysis of the noise characteristics of the gear considering wear.
Another way to achieve silent transmissions, in contrast to flank corrections, is to design more
slender teeth, thus reducing the stiffness variation (i.e., increase overlap) during the mesh
cycle and thereby potentially reducing the noise. However, this accentuates the risk of the
gear failure mechanism TIFF explored in papers III-VI. By that, this thesis contributes to the
answer to the last objective O3 (Is TIFF a relevant physical phenomenon to consider in gear
design?). In the struggle to reduce noise from gears, the increased slenderness of the gears in
order to reduce tooth stiffness change during meshing certainly makes TIFF a relevant failure
mechanism to be considered.

5.2.

Conclusions

The phenomenon of TIFF is explored in detail (papers III-VI) through fractographic analysis,
numerical initiation analysis using FEM, determination of residual stress by means of neutron
diffraction measurement, fatigue testing for determining material fatigue properties, fracture
mechanical FE-analysis, sensitivity analysis and the development of an engineering design
method. The major findings of the TIFF analysis are:
•

TIFF occurs mainly in case hardened idlers.

•

A TIFF crack has a characteristic plateau approximately at mid-height of the
tooth.

•

TIFF cracks initiate in the interior of the tooth.

•

The risk of TIFF increases for slender gears.

•

By using the gear as an idler, the risk of TIFF is increased by 20 % in relation to
single stage usage.

•

Fracture mechanical analyses can explain the formation of the plateau.

•

TIFF is a gear failure mechanism to consider in future gear design.

In this thesis, two robustness analyses are presented, both having gears as application. Both of
these case studies address the problem of robustness of gears and demonstrate how it can be
estimated by use of simulations. The first one considers robust tooth root bending fatigue
strength as the gear is exposed to mounting errors; the second one considers robust noise
characteristics of a gear exposed to manufacturing errors, varying torque and wear. The main
conclusions from the two case studies on robust gear design are:
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5.3.

•

The thoughts of robust design and numerical simulations can successfully be
combined to estimate the robustness of a product early in the design process.

•

A gear with small tooth width is more robust to mounting errors than a gear with
large tooth width.

•

A gear with robust noise characteristics, with respect to varying torque,
manufacturing errors and wear, should have some profile- and lead crowning
and large a helix angle.

•

The transverse contact ratio is a trade-off factor in the sense that both low PPTE
and low dispersion in PPTE cannot be achieved.

Scientific contribution

The scientific contribution of the TIFF analysis is a better understanding of a new gear failure
mechanism. A gear designer who comes across a TIFF failure can use this thesis almost as a
handbook. By the detailed description of the characteristics of the failure surface, given in
paper III, it should be possible for the gear designer to separate a TIFF failure from other gear
failures. The analyses in papers III-V give an understanding of the mechanism of the failure,
as well as information on how to solve the acute problem. The design method presented in
paper VI helps the designer to avoid TIFF in the future.
The contribution of the two robustness analyses is more to be looked upon as fragments of the
complete picture of robust gear design. Case studies like this may show that a method can be
successfully used in the specific case in question, but they do not demonstrate the general
validity of the method. However, case studies may serve as a communication tool in the
explanation of the method; the general method can then be explored by means of further
studies. Nevertheless, a gear designer can make use of the same analysing techniques to
address other gear problems.
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6. FUTURE RESEARCH
This chapter suggests some future areas of research in the field of gear
design. In addition, methods for analysing the research questions are
proposed.
The most obvious task for future research is to conduct experiments specifically aimed to
validate the derived conclusions of TIFF. During the work with this thesis the author has
come across people who have questioned the hypothesis of TIFF concerning crack initiation
in the tooth interior. However, lately, independent sources have published papers on TIFF
failures localising the initiation site to the interior of the tooth through investigations by
optical stereo microscope, see Sponzilli et al. [35]. If one still wants to meet the criticism on
initiation in the tooth interior, the only way is to conduct specialised tests that can verify an
interior crack. One possibility is to take as a departure point the pulsator testing, [38], of gear
wheels and further develop the method so that it also suits TIFF testing. The advantage with
this technique is that only one tooth is tested and, hence, it is obvious in which tooth to look
for the interior crack. One suggestion is to use acoustic emissions, [39], to detect crack
propagation and then saw the tooth in order to uncover the crack.
Another area that needs further study concerns whether the currently predominant use of static
transmission error as a measure of noise is relevant. The contact situation between two gear
teeth during meshing is definitely not static but dynamic. This, of course, does influence the
transmission error. Some contributions in this area are made by Parker et al. [40], but more
has to be done.
The study of TIFF presented here shows that failure mechanisms of gears are a continuously
evolving field of research. As the gear geometries, manufacturing methods and materials are
changed to meet new demands from customers, new failures can emerge. Moreover, the
situation with several different requirements on a gear accentuates the need for multi-criteria
optimisation methods tailored for gear design. A gear must have the right strength (TIFF,
tooth root bending fatigue, contact fatigue, etc.); it must be quiet, efficient, small and robust.
In an automated process, some multi-criteria optimisation method must be used to weight the
various criteria. In this field, much work remains.
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7. SUMMARY OF APPENDED PAPERS
In Paper I (MackAldener M., Robust gear design with FEM and Taguchi Method), a case
study is conducted where the Taguchi method is combined with FE-analyses to study how
gear data should be chosen so that the tooth root bending fatigue strength will be insensitive
to mounting errors. The key result of the analysis is that it is possible to combine FEsimulations and the Taguchi method to estimate the robustness of a product early in the design
process.
Paper II (MackAldener M., Flodin A., Andersson S., Robust noise characteristics of gears
due to their application, manufacturing errors and wear) presents a case study where the
noise characteristic of a gear is studied as the gear is exposed to perturbations such as
manufacturing errors, varying torque and wear. The aim is to choose gear data (transverse
contact ratio, helix angle, profile and lead crowning) so that the transmission error will be
insensitive to the perturbations. The issue of robust noise characteristics of gears as they are
worn are seeing increased importance as the focus in gear design has moved towards greater
consciousness of the noise problems. The main result of the analysis is that profile- and lead
crowning are favourable with respect to robustness to wear. Moreover, the transverse contact
ratio is a trade-off factor in the sense that low PPTE is achieved at the expense of low
dispersion in PPTE.
In Paper III (MackAldener M., and Olsson M., Interior Fatigue Fracture of Gear Teeth), a
novel gear failure is described and analysed. The fracture is given the name Tooth Interior
Fatigue Fracture (TIFF). A fractographic examination is presented and a hypothesis is put
forward wherein crack initiation in the tooth interior is assumed. The hypothesis is verified by
numerical simulations using FEM and an initiation criterion by Findley. The analysis shows
that it is likely that a crack will initiate in the interior of the studied gear at present loading
conditions.
Paper IV (MackAldener M., and Olsson M., Tooth Interior Fatigue Fracture Computational and Material Aspects) continues the exploration of TIFF. The material
properties and the residual stresses are modelled in a refined way. The material properties are
determined by fatigue tests, and the residual stress profile is measured by means of neutron
diffraction. It is shown that the plausible initiation site for the TIFF crack is close to the case
core boundary approximately mid-height of the tooth. It is also shown that TIFF is a
possibility at medium loads.
In Paper V (MackAldener M., and Olsson M., Fracture Mechanical Investigation of Tooth
Interior Fatigue Fracture), the shape of the fracture surface is explained by fracture
mechanical numerical simulations. A three-dimensional FE-mesh of a tooth with an interior
crack is developed to study stress intensity factors in cracks with varying crack lengths. The
stress intensity factors are determined, and it is shown that the crack will halt as it reaches a
certain distance into the case layer. It is also shown that the propagation phase is a short lapse
in the total life of the tooth.
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Finally, in Paper VI (MackAldener M., and Olsson M., Design Against Tooth Interior
Fatigue Fracture), an engineering design method (EDM) for design against TIFF is
developed. Moreover, a factorial design is conducted to determine how different parameters
influence the risk of TIFF. It is shown that the more slender the gear teeth, the greater the risk
of TIFF. In addition, the EDM shows good agreement with the result from the FE-analyses in
the factorial design. The EDM can be used in future gear design to avoid TIFF.
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