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Abstract 
Gears are used to transmit mechanical work from one point to another. They are widely 
used in different mechanisms and they are the most important components of a 
transmission system. Thus, it is important that they are manufactured with high precision 
to deliver the work with highest possible efficiency. The dominant gear production 
method is metal cutting, like hobbing. The gear manufacturing industry aims to replace 
their traditional production lines with greener processes and thereby urge engineers to 
think about using metal forming methods instead of the traditional metal cutting 
solutions when possible. Gear rolling is an interesting metal forming method that can be 
an alternative method to fabricate gear wheels. 

Research on gear rolling firstly came into interest around 2000. Very few papers are 
published that covers the development of the method and its limitations and advantages. 
Almost all of these publications considered rolling of gear wheels with small modules. 
The focus of this study will be on application of gear rolling for gear wheels with large 
module (over 3 mm) where the amount of deformation is much larger than found in 
previous studies. 

In this thesis the Finite Element Method has been used to simulate and predict the results 
of rolling of high gears. In addition to that experiments were performed to validate the 
numerical results and develop the modelling technique for further investigations. The 
main topic of discussion is about the gear quality as a measure of the success for the 
process. Extra attention has been paid to the effects of friction and process planning in 
the result of process loads and also on the gear quality. 

The thesis structure is based on four published papers, and some additional results from 
the experiments which have not yet been published. According to the results of these 
papers, the effect of friction and process parameters are recognized in the final product 
quality. It is shown that FEM has a great potential in order to model and analyze the gear 
rolling process. A new approach to combine numerical methods with quality 
measurement to predict the process outcomes is also presented. The results show that 
gear wheels with a module of 4mm reach an ISO quality level between 11 and 12. This is 
substantially lower quality than can be obtained with metal cutting operations. The 
results of this thesis can be used as the starting point for future research to optimize the 
quality of gear rolling for high gears. 
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Sammanfattning 
Kugghjul är den viktigaste komponenten i transmissioner. De tillverkas med hög 
precision och hög effektivitet för att ge hög prestanda. Den dominerande 
tillverkningsmetoden är skärande bearbetning som hobbning Nya krav på miljövänlig 
tillverkning gör att man letar efter andra tillverkningsmetoder än de avverkande. Metoder 
baserade på plastisk formning är då intressanta. Kuggrullning är en sådan metod där 
material förflyttas och deformeras utan avverkning. 

Forskning kring kuggrullning tog fart under 2000-talet. Ett begränsat antal publikationer 
finns inom området. Nästan alla arbeten berör kugghjul med små moduler i 
storleksordningen 1mm. I denna studie fokuserar vi däremot på kugghjul med stora 
moduler som 4mm vilket är typiskt för tillämpningar i lastfordon. För dessa stora 
moduler fås större deformationer vid kuggrullning än vad som behandlats tidigare i 
litteraturen. 

I detta arbete används Finita Elementmetoden för att simulera och förutsäga resultat vid 
kuggrullning. Parallellt med detta arbete har experiment utförts på kuggrullning för att 
kunna verifiera simuleringsresultaten. Stor tyngd har lagts vid den kvalitet som fås efter 
kuggrullning. Effekter av processupplägg och faktorer som friktion har belysts. 

Avhandlingen bygger på fyra publikationer och på experiment som publiceras för första 
gången i denna avhandling. Resultaten visar att FEM har en stor potential för att 
analysera kuggrullning. Resultaten visar även hur FEM kan användas för att analysera 
kuggkvalitet. Den kvalitet som uppnåtts med FEM och experimentell ligger i intervallet 
ISO 11-12 för kuggmoduler av 4mm. Detta är väsentligt lägre kvaliter än de som idag 
kan uppnås med skärande bearbetning. De metoder som utvecklats i avhandlingen utgör 
startpunkter för framtida optimering av kuggrullningsprocessen för hjul med stora 
moduler. 
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Chapter1: Introduction 
This chapter provides an insight to the thesis by introducing the needs for the research in 
the gear rolling application. The methodology of research and the main research 
questions of the work will be presented. Gear rolling is a production method where the 
gear can be formed from a blank into final shape by using large plastic deformations. 
Therefore no material will be removed from the blank as in cutting based methods of 
gear production. Presented research results in this work can be used to realize the 
possibilities and limitations in using gear rolling for production of gear wheels with large 
modules (over 3 mm). 

1.1 Industrial gear production background 
Gears are toothed cylindrical wheels used for transmitting power in different mechanical 
structures [1]. The manufacturing techniques for making gears are categorized in three 
groups as shown in Figure1. Dominant methods for gear production are relied on cutting 
the material in order to generate the tooth form, during the recent decades. 

The need for sustainability together with the increasing product demands and 
manufacturing activities drive a gigantic need for technologies and strategies that 
globally will reduce environmental impact from manufacturing. There is currently a need 
of large improvements in terms of resource productivity - "doing more with less". The 
challenge is to reduce non-renewable material and energy usage in a fast increasing 
economic activity [3].  

 

Figure 1: Gear production methods [2] 
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This encourages the industries to investigate the efficiency of the current traditional 
manufacturing methods. Investigation on finding new solutions to replace the old 
methods which can be more cost effective in long term is another part of the industrial 
research trend now. This is necessary for lead companies to remain competitive in the 
global market.   

There are forming techniques (primarily pressure forming techniques) that are of major 
importance for manufacturing of geared components. If possible, rolling techniques are 
used particularly when manufacturing stub-tooth gears. To plastically form a component 
is cost efficient because of its speed and zero waste approach. Rolling of gears is a state-
of-the-art technology on track for the future due to the productivity it can achieve while 
maintaining a high level of machine use efficiency [4].  

In this manner gear rolling is one of the methods which have come into interest by the 
automotive sector more and more in the recent years. The aim of this work is to study the 
gear rolling process in order to form the gears with high teeth. In this work, the gears 
with module larger than 3 mm are defined as gear with high teeth. These sizes of gears 
are normally being used in heavier applications like trucks or busses where the loads and 
required strength are very high. 

1.2 Thesis outline 
The thesis starts with the introduction to gear production methods in chapter 1. 
Following the introduction, the thesis provides a theoretical background to the gear 
rolling process in chapter 2. The third chapter of the thesis illustrates the finite element 
based modelling of the gear rolling process. It is followed by the results and discussions 
in chapter 4. The last part of the thesis in chapter 5 presents the conclusions and future 
research plans. 

1.3 Research questions 
The goal of the thesis is to answer three research questions regarding the application of 
gear rolling to form gear wheels with high tooth.  

RQ #I:  
Is it possible to roll a gear wheel with a normal module larger than 3 mm? 

Comments to RQ #I 
The feasibility of using the gear rolling method in order to roll gear wheels with high 
teeth is the first question to answer. It is known that the process can be used for small 
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modules and simple geometries like splines. But to what extent we can apply this process 
in gear production for heavy applications like trucks is unknown. 

Hypothesis #I: 
Production of gear wheels using plastic deformation instead of metal cutting is possible. 
This can be achieved via the gear rolling process, when two gears as rollers will enforce 
the material on work-piece to flow plastically and form into a gear tooth shape. This 
process can be performed to form gears with modules larger than 3 mm. 

RQ #II:  
What is the effect of friction and rolling direction on the geometrical quality of a rolled 
gear? 

Comments to RQ #II 
The next aim of the research is to find the process parameters effects on the process. This 
is used for the process planning for gear rolling. There are many different parameters 
which contribute to the final gear quality and the process cost. Therefore the deep 
understanding of these parameters is necessary to judge the advantages and limitations of 
the process. 

Hypothesis #II 
Several parameters are involved in gear rolling process. The process parameters are feed, 
rotational speed of the tools, friction and rolling direction. It is possible to control and 
improve the gear quality by changing and controlling these parameters.  

Friction is very important in contact zone of the tools and blank. The claim is that 
friction is necessary to drive the work-piece in the initial phase of the rolling. Also it is 
claimed that at the same time high friction can reduce the quality of gear wheel and 
increase the shape inaccuracies. 

Regarding the parameters of a process plan, the whole concept is covered as the process 
kinematic plan. One important parameter in the kinematic plan is to have the reversal 
rolling cycles to change the rolling direction. It is claimed that the existence of such 
cycles, will improve the gear quality. 

RQ #III:  
What is the gear wheel quality after gear rolling and how can it be improved? 
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Comments to RQ #III 
The final research question is about the final product quality. How the process must be 
designed to get better quality is investigated in order to respond to this question.  

The complexity of the tooth profile makes it difficult to manufacture gears with high 
accuracy. Therefore, it is critical to have proper evaluation methods. The process itself is 
evaluated by the quality of the rolled gear. In addition to the geometrical measures, the 
material behavior during the rolling must be understood to Figure out the mechanical 
properties of the rolled component.  

Therefor this thesis tries to illustrate the production errors and material properties after 
the gear rolling process. 

Hypothesis #III 
It is possible to precisely form a gear wheel according to design parameters using gear 
rolling as production method. By that it is possible to eliminate the metal cutting and 
reach gears of a quality acceptable for applications in truck transmissions. The aim is to 
produce a gear wheel with a quality of 6 or 7 according to DIN standard.  

1.4 Research methodology 
A research framework to answer the three research question has been applied. The 
scientific journals, books and articles in the field of gear rolling have been reviewed to 
understand the process in depth. The theoretical part of the thesis is developed based on 
the available literature and the findings during the research work. This structure of this 
part will be used in order to model the process by the help of computer numerical 
analysis. 

Finite element method is used as the main tool to investigate the process and publishing 
the results. Experimental tests have been performed in order to verify the material 
modelling and finite element results from the simulations by computer. 

1.5 Introduction to the papers 
Appended are four papers which published the results of this research work in this thesis 
partly. The papers cover several aspects of process parameters in the finite element 
modeling, the quality of gear and the process planning of gear rolling. 

Each of these papers answers part of the research questions, which were explained earlier 
in this chapter of the thesis. A brief introduction to the paper is presented in the 
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following lines of this chapter. Further to that it is expressed in each section, how the 
paper can help to answer the research questions specifically. 

1.5.1 Paper I: Finite Element Simulation as a Tool to Evaluate Gear Quality after 
Gear Rolling (In Proceedings of the 16th Annual ESAFORM Conference, 2013) 
Paper I is providing the basics on how to model the process with the help of finite 
element method. The first aim was to investigate if the process can be simulated and 
performed for gears with high modules. This required in deep investigation in process 
parameters and the process kinematics in the beginning. The next aim of the paper was to 
find out how the finite element simulation results can be evaluated in order to predict the 
errors in production of gear wheel. 

Two dimensional (2D) finite elements simulations have been performed. The models are 
mainly used to simulate the rolling process of two sample gears with module 1 mm and 4 
mm.  

The simulations showed the possibilities and limitations in forming gear wheels by gear 
rolling process.  Also the qualitative shape accuracy was evaluated for both cases to find 
out the process common errors. 

The results of this paper can be helpful in order to answer the first research question 
about the feasibility of application of gear rolling for high gear. This paper provides the 
fundamental knowledge about the parameters which are involved in the gear rolling 
process. This is an introduction to answer the second research question of the thesis. 
Finally the paper introduces a qualitative approach to evaluate the gear quality after 
rolling process, which can be used in answering the third research question of the thesis 
partly. 

1.5.2 Paper II: Finite Element Analysis on the Friction Effects in the Gear Rolling 
Process (In Proceedings of the 3rd NEWTECH Conference, 2013) 
In almost all of the metal forming processes the friction has a great influence on the 
process outcomes. Therefor the study of the friction during the process is important.  

The modeling of friction behavior in finite element method always involves uncertainties 
about the mathematical friction model and friction factor which can describe the physical 
phenomena in the best accurate way. 

This paper is allocated to investigating the different theories on the friction modeling and 
suggests an appropriate friction mathematical model for further investigations in the 
process simulation. The effect of friction factor on the geometrical deviations is studied 



 
 

6 
 

in details. The different friction factor can be read as different lubricating condition in 
the process. 

The results of this paper can be used in order to answer the second research question 
where the process parameters are under study. This information is necessary to plan the 
process more effectively in the physical experiments. 

1.5.3 Paper III: A Study of the Effects of Reversal Cycles in the Gear Rolling 
Process by Using Finite Element Simulations (In Proceedings of the 17th Annual 
ESAFORM Conference, 2014) 
Reversing the rolling direction has been suggested in the literature to get a better quality 
after gear rolling. The presented paper illustrates how the use of different process plans 
with changes in reversing points, will influence on the gear quality from geometrical 
point of view. 

A model was developed that evaluates the quality after applying different rolling 
scenarios. Evaluations are based on data from different scenarios and are taken from the 
FE-simulation of the process.  

The results which published in this paper show the importance of the process plan on the 
final quality of the gear clearly.  

The findings of this paper are used to answer both second and third research questions of 
the thesis. 

1.5.4 Paper IV: Process Planning of Gear Rolling with the Finite Element Method 
(In Proceedings of the 15th METALFORMING Conference, 2014) 
This paper has focused on the process forces and torques. This is important in the 
planning of the process. The importance is because of the loading limits in rolling 
machines. Each rolling machine can provide a certain range of rolling forces and torques. 
For this reason the process design should not result in overloading the machines.  

The forces and torques are also an important measure in order to verify the finite element 
simulation with the real world. They can be a verifying value when one needs to 
compare the finite element results with the experimental results. 

Paper IV describes different approaches in order to roll a gear wheel with respect to 
kinematic process parameters. Then it shows how a change in process planning can lead 
into a change in forces of the process. The paper will provide the smart method to load 
the machine when planning the process of gear rolling. 
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The last paper is used to answer the second research question about the process planning 
of gear rolling by the help of finite element studies.  
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Chapter2: Theoretical Background 
In this chapter, the previous scientific research on the gear rolling process is being 
reviewed. The theoretical aspects of the process are introduced. Also the process 
parameters are identified in order to plan the process for further investigations. 

2.1 History of gear rolling 
The interest in manufacturing of gear wheels by gear rolling instead of conventional 
cutting methods like hobbing has increased in recent years. Gear rolling is not very well 
known, because of the complexity and need for more experiments and analysis to fully 
understand the nature of the process. There are not so many scientific publications 
directly looking at using this process as a gear production process. 

Gear rolling can be performed in two different ways. The first way is to use flat tools 
(racks) as the forming tools. This is called the flat rolling method. The second way of 
gear rolling is to use circular toothed gears as tools. This is called the round rolling 
method. 

In flat rolling, the tools have linear movement. The work-piece is in contact with both 
tools. The forming takes place in one course of movement of the tools against each other. 
The deformation is caused by the press load applied from the tools into the work-piece at 
the same time as the linear movement. The steps of the flat rolling are illustrated in 
Figure 2. 

 

Figure 2: Flat rolling process steps [4] 
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The flat rolling process includes three main steps to form a gear wheel from a cylindrical 
blank into a full teethed gear. The gear rolling is performed in three subsequent phases as 
below: 

• The initial step is to engage the work-piece and tools by applying a very small 
initial penetration from both sides. This first step ensures the contact between the 
tools and work-piece. This contact generation is necessary in order to force the 
material to be deformed in the next steps. The first step is known as the initial 
rolling phase in the literature as shown in Figure 2a.  

• In the second step due to the linear movement of the tools in opposite direction 
and their gradual penetration into the work-piece large deformations occurs in 
the work-piece and it changes into a fully toothed wheel. This part is identified 
as the penetration phase in the literature as shown in Figure 2b.  

• The third phase of the flat rolling process is to calibrate the formed gear wheel. 
The calibration occurs when the tools moves just in linear direction and there is 
no additional penetration into the work-piece. This phase results in equal 
deformation of all teeth of the work-piece to finally get the right shape of the 
gear profile. This is called the calibration phase in the literature. The calibration 
phase is shown in Figure 2c. 

In round rolling method, two gears are used as tools, shown in Figure 3. 

 

Figure 3: Round rolling process steps [4] 
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The round rolling process is carried out in the same three steps as for the flat rolling 
process: 

• The first phase is to run the initial rolling. During this phase the tools are in 
tangential contact to the work-piece with a very small amount of engagement 
caused by the pressure applied to the tools. The rotation of the tools will generate 
the first imprint on the work-piece. The required number of teeth on the work-
piece is generated at this stage of the process. 

• The second phase of round rolling is to start the penetration of the rollers into the 
work-piece at the same time as rolling them. The combination of linear and 
rotational movement of the tools forces the work-piece material to flow 
plastically. The gear teeth are formed after several rolling cycles. 

• The last phase is to stop the penetration, when the full required depth of tooth is 
reached. At this calibration phase the rolling with no extra penetration equalizes 
the distribution of deformation on all of the teeth on the work-piece. 

Looking at the gear rolling history, the publications in the field can be divided in two 
groups. One group focused on the flat rolling issues and the other considering the round 
rolling problems. 

Kamouneh et al. have presented their results of research on flat rolling of helical gears 
[5]. The work hardening has been investigated in the flat rolling process. The results are 
obtained based on finite element methods. Their FEM results were validated through 
experimental tests. This research revealed that rolling process has a great impact on the 
material structure. The material fatigue resistance is improved. The rolled gear has 
higher resistance against fatigue due to compressive residual stresses stored in material 
after the rolling process.  

Small grains at the roots and flanks of the gear teeth are more frequent after rolling 
compared to after traditional cutting methods, shown in Figure 4. The higher grain 
density at the roots increases the strength at this area of the tooth. This increases the 
tooth durability under loads and against breakage. The higher density along the flank will 
improve the resistance of the gear against pitting and scoring. 

These observations are based on physical and experimental results. Finite element 
modeling of the process was performed. The authors have developed a 3D model of the 
flat rolling process in the DEFORM 3D FE-software. The FE model is useful when 
investigating the process more in detail without running expensive physical experiments.  
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Figure 4: Grain flow after cutting (left); Flat-rolling gear (right) [5] 

 

Figure 5: Strain signature predicted by DEFORM (left), and actual prototype (right) [5] 

There is a good consistency between the results of the physical and FE-models. This 
evaluation of result was reached by checking the effective strains and the strain signature 
from both physical and virtual models as shown in Figure 5. 

As a conclusion, Kamouneh et al. in showed that, the gears produced by rolling can have 
better material properties in comparison to the gears manufactured by machining 
methods [5]. Additional to the better material properties, plastic deformation leaves no 
scrap and thereby no chip needs to be transferred as waste. Therefore, gear rolling can be 
a good solution in order to manufacture green gear wheels. Kamouneh et al. also showed 
the usefulness of FE models in order to study the process of flat rolling. The research 
was performed based on a sample gear wheel with 18 teeth, involute left-handed helical, 
with a 21° helix angle and a pitch diameter of 26.993 mm. It also has a 20° pressure 
angle and is about 26 mm in face width. 

Kamouneh et al. has published their results regarding the involutometric issues after gear 
rolling [6]. The report is based on the FE models to analyze the process. 2D and 3D 
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models developed in ABAQUS, first used to model the process of flat rolling. The 
results of the virtual FE models were not very satisfactory when they were compared to 
the physical experiments. Then FE models were designed with DEFORM 3D. The 
results from DEFORM were evaluated and the authors found good correlation between 
the FE results and the real gear samples formed by flat rolling. The nature of bulk 
forming processes where large plastic deformation exists implies the need of remeshing 
in the FE model. This feature exists in DEFORM which makes it a suitable 
computational tool to analyze the forming processes. 

Kamouneh et al. have addressed three main problems related to the gear rolling which 
corresponds to the quality of the gear wheel produced by flat rolling method in [6]. 
These are common problems that also are present in round rolling. Therefor this 
publication has a great importance in the field. 

The first problem diagnosed after the gear rolling is the rabbit ears generated at the tip of 
the gear tooth. It is shown in the Figure 6. 

The second common problem after rolling of the gears is that the generated teeth on the 
work-piece are not full symmetric. This can be due to one sided metal flow. Looking at 
Figure 7, it can be observed that the teeth are formed more on the left flank side in 
compare to the right hand flank. 

 
Figure 6: Rabbit ear is marked on the tip of the formed tooth by flat rolling [6] 
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The third problem which is considered in Kamouneh et al. is the barreling effect [6]. This 
is due to high pressure applied to the work-piece in the radial direction which forces the 
material to flow also in the axial direction. This means that there is not uniform 
deformation along the face-width of the gear. 

To investigate in these three problems, the gear rolling process had to be modelled for 
3D analysis which is done in DEFORM 3D code. To study the effects of reverse rolling 
on the one sided rabbit ears, several FE simulations were done. It was found that by 
reversing the direction of rolling after 70% of the die stroke almost symmetrical rabbit 
ears can be generated as shown in the Figure 8. 

 

 
Figure 7: Rolled teeth after flat rolling process are not fully symmetric [5] 

 

Figure 8: Rabbit ears in actual process (top left), rabbit ears from simulation of the actual process in 
DEFORM 3D (top right), actual rabbit ears versus FE prediction (bottom left), DEFORM revers roll 

prediction (bottom right) [6] 
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Figure 9: Effectiveness of rabbit ear elimination by reverse rolling. Actual process simulation, uni-
directional rolling (left) and reversed rolling predictions (right) [6] 

The evaluation showed that there is improved die filling on both right and left flanks. It 
has been reported a 6% improvement on the left side die fill and a 9% improvement on 
the right side die fill, in comparison to the process with no reversal rolling cycles. 

To measure the effectiveness of reverse rolling on the symmetry of the gear flanks, the 
profile of the desired gear and the rolled gear are compared. The comparisons showed 
the effects of using uni-directional gear rolling (straight rolling) and gear rolling with 
reversed cycles on the rolled profile. See Figure 9. 

This comparison showed that the profile error on the left flank has fallen from 0.162 to 
0.127mm (21% reduction). Also, the profile error on the right flank has reduced from 
0.190 to 0.142mm (25% reduction). 

In order to solve the barreling problem, a modification on the shape of the blank has been 
proposed [6]. This modification helps to improve the material deformation along the 
face-width. The proposed shape of the blank is shown in Figure 10. 

The authors reported convergence problems in their models, to simulate the new 
proposed modified blank shape in the paper. Therefore just an unfinished model is 
showed, which can support the claim regarding the solution for barreling. This is showed 
in Figure 11. 

The second group of publications in the field of gear rolling is devoted to the round 
rolling process. Round rolling is also the specific subject of this thesis.  
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Figure 10: Cylindrical blank (right), the proposed modification to reduce barreling effect (left) [6] 

 

Figure 11: Blank modification effects on barreling: Original simulation (left) and proposed modified-
blank solution (right) [6] 

Neugebauer et al published their first paper on round gear rolling and the attainable 
quality in [7]. It has been claimed that round gear rolling is the more favorable method 
for rolling of gear teeth. The claim is based on the fact that with the round rolling it is 
possible to have faster processing times. It is also applicable to reach the required 
amount of material deformation within a large number of rolling cycles which can 
smooth the process in comparison to the flat rolling where there is not such a possibility 
to form the gear teeth. An important point to utilize from this work is the method been 
used to evaluate the process result. How gear quality measurements which are commonly 
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used by industry, can be used to evaluate the efficiency of gear rolling is explained 
thereby. The different deviations from the standard have been utilized for this purpose, 
which are shown in Figure 12. The deviations are: 

• Profile line deviation 
• Flank line deviation 
• Pitch variation 
• Concentricity variation 

The accuracy of the profile which will be measured through the standardized methods 
like DIN 3960, DIN 3961 and DIN 3962; can describe the process potential to 
manufacture reliable gear wheels [8-10]. The process kinematics, the tool design, the 
machine structure all are contributing to these deviations. Therefore it is very necessary 
to take into account all of them when analyzing the process of gear rolling. 

The authors explained the importance of the pitch accuracy to perform the gear rolling 
process. The nature of the process is such that an exact pitch generation requires a 
variable pitch of the tool. Since this is not possible in round rolling it comes to the 
synchronization of the tools and work-piece to keep the right pitch of the product. 
Therefor smaller modules of the gears are easier to produce with the process of gear 
rolling. The higher the module is, the higher is the value for deviations in the pitch 
formation as well as the accuracy of the involute profile of the gear wheel. 

 

Figure 12: Tooth trace, Flank line and pitch deviation [7] 
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It was finally suggested that synchronized rotation of the work piece and the tools was a 
way to secure the desired pitch distance in round rolling. Neugebauer et al presented an 
improved process design for gear rolling in another paper published in 2007 [4]. In this 
work both techniques for rolling of gear wheels have been reviewed. 

In order to improve the quality of flat rolling the method for designing tools with 
variable pitch have been introduced. This method helps to compensate for the errors 
which are generated because of changes in the pitch diameter during the process. The 
whole process has been divided into three parts, see Figure 13.  

In the first and the last phase, the pitch can be calculated exactly through mathematical 
formulation. For the penetration phase, the pitch difference between the first and last 
phase have been distributed with a linear function over the teeth on the tool. This means 
the pitch on the tool gradually increases until it reaches to the pitch of the last phase. 

In round rolling it is not possible to use the variable pitch method to design the tools. It 
was only possible if each tool needed to rotate just one revolution in order to form the 
blank to the final geometry. Hence to compensate for the variations in the pitch diameter 
during the process and keep the right pitch generation, a speed controlled method has 
been proposed.  

 

Figure 13: The variable pitch of the tools in flat rolling: Initial pitch (pA) can be calculated from the 
blank diameter (top), the calibration pitch (pK) is calculated based on the final geometry parameters 
(bottom), the running in pitch (pn) is calculated based on linear division of the difference between pA 

and pK over the number of teeth on the tool (middle) [4] 
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Figure 14: Diameter-dependent speed adjustments in the round rolling process [4] 

In the proposed method the process is divided into three sections, and the rotational 
speed of the work-piece is calculated in relation to the rotational speed of the tools. This 
is shown in Figure 14. The rotational speed of the work-piece is calculated based on the 
contact diameter between the tools and the work-piece at each step and with respect to 
the gear ratio between the tools and the work-piece. 

To test the efficiency of the proposed method with respect to gear quality, the authors 
have performed some tests for module 1.6 mm and 10 teeth. Figure 15 shows the results 
of applying the pitch variable method in flat rolling in comparison to the constant pitch 
method. 
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Figure 15: Pitch accuracy with state-of-the-art rolling and pitch-variable rolling [4] 

 

Figure 16: Pitch accuracy with state-of-the-art rolling and pitch-variable rolling [4] 

As shown in the Figure 15, the error can be reduced by the pitch variable design of tools. 
This can lead to improved quality level by up to 2 levels according to the DIN 3962 
standard. 

The speed control in round rolling was tested as well and the results showed 
improvement up to two quality levels. This is shown in the Figure 16. As it can be seen, 
the error in pitch is reduced when tests by speed controlled method are used. 
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Figure 17: Hybrid analysis of strain for gear rolling process [11] 

Using these methods, control points cab set when programming the rolling machine plan 
to produce gear wheels by rolling method. This was a big contribution in developing the 
gear rolling process into the industrial application. The results were promising, and 
encourage the further research to find the possibilities of application of gear rolling in 
order to make more accurate gears with high quality. 

Neugebauer et al have published their latest results, in a paper on innovations in rolling 
of helical gears in 2011 [11]. In this work, using a hybrid approach of finite element 
simulation along with experimental tests to investigate the gear rolling process of helical 
gears has been explained. 

Using strain gages, to measure strains, in real tests and comparing them to the strains 
predicted by FE-simulation of the process, can provide a validated model of the process 
as shown in Figure 17. It is concluded that the finite element method can be the proper 
way to shorten the time of research to design and optimize the process plan. The finite 
element simulation results are reliable when they are validated by experimental tests. 

2.2 Gear rolling process parameters 
In this section the process parameters which are used in round gear rolling will be 
described, will be described. The factors shown in Figure 18, all are influencing the gear 
quality. 

The main focus of this work will be on the process and tool design. The machine which 
is used for the experimental tests will be introduced but no analysis is provided on the 
machine in this work. 
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Figure 18: Influencing factors on the gear quality [12] 

2.2.1 Process 
The gear rolling process is investigated when using two round tools in contact with the 
blank to form the selected sample gear. As explained in previous section of this chapter 
this process consists of initial contact, running in zone and the calibration phase in the 
end. The related parameters to control the process are as follow: 

Rotation speed (ω1): The rotational speed of the tools in “rpm”, which will dictate the 
rotational speed of the work-piece (ω2) during the process. The tools rotate with equal 
speed always. 

Feed (V): The penetration speed of the tools in “mm/s”, which is toward the center of the 
work-piece. The feed is equal for both of the tools always. 

Force (F): The rolling force required to continue the process in steady state, and is 
measured directly on the machine. The design of process should be in the way that the 
rolling force does not go over the machine limitation. 

Torque (T): The required torque on the tools to keep the process continues in the steady 
condition without passing the limits of the machine. 

The process design is dealing with selecting the appropriate rotational speeds and feeds 
for the tools to keep the force and torque in tolerable range for the machine. Therefor in 
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this certain study we are limited to design the process with respect to the machine which 
is available for the tests. 

2.2.2 Tools 
The tools are designed for the specific gear which will be produced with the gear rolling 
process. That means, to manufacture any specific gear geometry by gear rolling, the tools 
should be designed for that specific gear geometry.  

The tools are always selected from high strength materials which can resist the high 
stresses present in the process without any plastic deformation.  

2.2.3 Machine 
NC-controlled two-roller machines Rollex HP XL is used for the forming process of the 
gear profile.  This machine is especially developed for investigations of the cross rolling 
operations.  

The machine has the ability to force synchronize the motion of work-piece and the tools 
which can help to control the material flow in process. This function makes this machine 
a good choose for cases where high amount of material deformation exists (gears with 
high teeth), see Figure 19. 

 

Figure 19: Rollex HP XL 
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Figure 20: The specifications for the gear geometry under study in this work 

2.3 Process planning for gear rolling 
The processes planning in this thesis includes the design of the tools and design of the 
kinematic plan for performing the rolling process to achieve the target geometry on the 
work-piece. 

2.3.1 Target geometry/ Case study 
The gear wheel with specifications presented in Figure 20, is selected as the case study 
for our studies. In Figure 20, the height factor (y) is calculated based on the module of 
the gear and the addendum size. When the height factor is greater than 2 (y>2), it is 
assumed that selected geometry has high teeth [4].  

Successful application of gear rolling has been reported in the literature for gears with 
height factor lower than 2 [12]. This work basically will contribute to develop the gear 
rolling process, for manufacturing of gears with high modules and high teeth. 

2.3.2 Tool design 
The tool geometry that will shape the blank into the final gear can be designed after 
selecting the target geometry. The design work can be described in the following steps: 

2.3.2.1 Calculation of blank diameter (dV) 
Based on the target geometry, the volume of the material in the product can be 
calculated. This calculation is possible with the help of CAD software. This volume will 
be equal to the blank volume, since in a metal forming application the volume is 
constant, because there is no material removal. 
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Figure 21: The calculation of blank diameter based on constant volume in gear rolling 

Apart of the theoretical constant volume in metal forming, some unwanted material 
deformation will occur in axial direction during the rolling process. Consequently a very 
small part of the calculated volume will be wasted. Therefore, the theoretical calculated 
dv, should be adjusted to compensate for that. The adjustment is done after running initial 
FE simulation of the process with the theoretical calculated dV. 

It is very critical to choose the right value for the blank diameter since it has direct 
connection to pitch generation in first round of rolling. From the first rolling cycle the 
purpose is to divide the blank into the required number of pitches (teeth). This is possible 
if the ratio between the tool tip diameter and blank diameter is balanced. If the blank 
diameter is chosen accurately, in the end of the first cycle the blank will have equally 
distributed pitches and the tool tip will go in contact to the right position which will 
increase the deformation and form the gear geometry on the blank gradually in the 
following cycles. See Figure 22. 

 

Figure 22: Accurate calculation and modification of blank diameter result in equal generation of pitch 
and the process can continue since the tool tip will be in right contacting position after first cycle 
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Figure 23: Failures in the process of gear rolling due to wrong initial blank diameter 

In the start of rolling, the tool tips are in contact with the outer diameter of the blank. As 
soon as the rolling starts, small and fine deformations will be imprinted on the blank to 
divide it into several equal pitches.  

Figure 23 shows the result of a simulation of the process where the initial blank diameter 
is not correctly calculated. In such cases after one revolution of the blank, the tool cannot 
go into contact at the right position. Therefore it will enter the blank in some position 
where it should not, and the process will fail. 

2.3.2.2 Calculation of tool tip diameter (Da) 
The tip diameter (Da) is the outside diameter of the gear wheel. The tool tip diameter (Da) 
is calculated based on the adjusted dV, and the gear ratio between the tool and the work-
piece. Based on Da, other parameters of the tool geometry can be calculated directly.  

2.3.3 Kinematic plan 
Kinematic plan refers to the strategy to perform the gear rolling process in the rolling 
machine. This strategy includes the data for the feed speeds, rotational speeds, the 
direction of rotation and the times for reversing the rotational direction of the tools. 
Figure 24 shows that how the kinematic plan looks like generally. When this information 
is ready, it is possible to run the experiments on the selected material and geometry. 

Chapter 3 will present the modeling of gear rolling process using finite element method. 
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Chapter 4 will present different geometries used to simulate the process as well as the 
results of the experimental tests on those geometries. This will provide deeper 
understanding of the gear rolling process on high gears. 

Finally in chapter 5, the conclusions out of this thesis will be presented and discussed. 
This will be an input for the further studies in the field. 

 

 

Figure 24: Kinematic plan is the penetration path and reversing points for the direction of rotation of 
the tool [12] 
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Chapter3: Finite Element Based Modelling of the Process 
This chapter of the thesis will present the finite element models used to analyze the 
process of gear rolling. The models will be used to simulate gear rolling and gain better 
insight into the process. 

3.1 Description of the Model 
The commercial FE code DEFORM has been chosen for FE-analysis of the gear rolling 
process [13]. The code can solve large plastic deformation problems and is used widely 
by academy and industry. 

One problem in simulating processes with large plastic strains and geometrical 
complexity is that the computation time gets very long. To be able to model the process 
of gear rolling with realistic execution times some assumptions have been considered. 
The assumptions are to simplify the model without losing important details, but reducing 
the solution time.  

3.1.1 The two dimensional model 
The 2D model, consist of the tool, the work-piece and a solid shaft which holds the 
work-piece. This solid shaft has been added to the model in order to fix the work-piece 
central position. It is required in DEFORM to be able to control the rotational movement 
of the work-piece. In the reality the solid shaft and the work-piece are connected to each 
other and they are one unique object. Figure 25 shows the 2D model, in DEFORM 2D. 
The 2D elements are linear quadrilateral elements based on formulation by Kobayashi 
[14]. 

 

Figure 25: Two dimensional model of Gear Rolling 
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The basic assumption in the 2D model is to define it as a plane strain problem. With this 
assumption it is not possible to follow the axial material deformation which occurs in 
reality. The main advantage of 2D model is that it will allow the whole simulation of the 
forming process on the full work-piece geometry. This advantage will give the 
possibility to follow the pitch generation in the first rolling cycle. This is necessary to be 
check in the process design. 

The next assumption in the 2D model is that only one tool is used instead of two tools. 
This will not change the nature of the problem but will reduce the time of computation 
due to having less contact zone on the work-piece. 

3.1.2 The three dimensional model  
In the 3D model only one sector of the work-piece geometry is considered, instead of the 
full cylindrical blank. This will significantly reduce simulation times which otherwise 
easily becomes a problem for 3D models. Therefore it is not possible to see the pitch 
generation around the work-piece as it was possible in the 2D model. The advantage of 
3D model is that, it helps to calculate the extra material deformation –which is 
unwanted- in the axial direction. Finding the amount of excessive material deformation 
in the axial direction is necessary in order to modify the theoretical blank diameter dV. 
Figure 26 shows the 3D model used to model the process in DEFORM 3D. As well as in 
the 2D model here one tool is used to keep the computational time reasonable. The 3D 
elements are 4 node tetrahedral elements [15]. These kind of elements are the only 
available 3D element available in DEFORM 3D. 

 

Figure 26: Three dimensional model of Gear Rolling 
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The material flow curve, friction model, damage accumulation model, boundary 
conditions, kinematics of the process are defined similarly in both the 2D and 3D models 
which will be presented in the following sections of this chapter. 

3.2 Material model 
For both 2D and 3D models, a rigid/plastic behavior has been used to describe the 
material flow for the work-piece in the FE simulations. To reduce the time of 
computation the elasticity has not been considered. The tool and the central shaft are 
considered as rigid bodies in the simulations, since they do not have any plastic 
deformation. The power law formulation is used to define the flow stress [15]. 

𝑌 = 𝐶𝜀𝑛ἑ𝑚 + 𝜎𝑦        (eq. 1) 

Where, 𝑌 is the flow stress, C is stress constant, ε is the strain, n is strain index, ἑ is the 
strain rate, m is the strain rate sensitivity factor and 𝜎𝑦 is the original yield stress of the 
material. Standard tensile and compression tests were performed on the selected material 
for work-piece. The results of these tests were used to obtain the values of constants in 
eq. 1. The details of the tests are presented in appendix A.  

C= 630 MPa 

Y= 250 MPa 

n= 0.25 

A damage accumulation model is used to follow the damage in the work-piece material. 
Usually a critical damage value is defined for any specific damage accumulation model 
and material. When the accumulated damage reaches the critical value, there is risk for 
crack in material.  

In appendix B, the used model and its critical value has been explained for 16MnCr5. 
The critical damage value has been predicted based on the tensile test results in 
experiment and the simulation results of tensile test. The critical damage value for the 
selected material has been set to 2.12.  

3.3 Boundary conditions 
Since there are different assumptions in the 2D and 3D models, the conditions for each 
model are here explained separately. 
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3.3.1 2D model boundary conditions 
The model consists of 3 objects. The tool, the work-piece and the solid shaft which 
controls the central position of the work-piece are the objects in the model. The pre-
defined boundary conditions for each of them are as follow: 

Tool: The tool in the model can rotate around its center and it can have a linear 
movement toward the center of work-piece (in X direction). But linear movement in Y 
direction is restricted. 

Work-piece: The linear movement of the work-piece in both X-Y directions is not 
allowed. It can just rotate around the center (which is the center of the central solid shaft 
also). 

Solid shaft: It is fixed in all directions and its purpose is to control the positioning of the 
work-piece. The rotation of this shaft is locked. 

3.3.2 3D model boundary conditions 
The model consists of 3 objects: The tool, the work-piece and the solid shaft which 
controls the positioning of the work-piece. The boundary conditions for each of them are 
as follow: 

Tool: The tool is free to rotate around its own axis, and simultaneously to rotate around 
the solid shaft center. No additional rotation is allowed of the tool. The linear motion of 
the tool is just allowed in radial direction of work-piece [16]. 

Work-piece: The work-piece in the 3D model is a sector from the cylindrical geometry. 
It is fixed in XY-plane but its movement in Z direction is not limited by any constraints. 
In DEFORM 3D code, the rotational movement of work-piece -which is an object with 
plastic deformation- is considered by the tool movement, so the work-piece is not 
allowed to rotate in any direction.  

Solid shaft: It has fixed position as it had in 2D model. Its purpose is to fix the position 
of the work-piece in space. 

3.4 Friction model 
The shear frictional model has been used to describe the friction between the tool and the 
work-piece.  

𝜏 = 𝑓𝜎          (2) 
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Where σ is the flow stress, τ is frictional shear stress and f is the friction factor. 
Generally for many of the metal forming applications this formulation gives adequate 
representation of friction according to Altan et al. [14]   

The cold rolling of gears is run in a lubricated condition. The friction is high and 
presence of friction in the start of the process is necessary to engage the tooth on the tool 
with the work-piece. The high friction factor of 0.4 is considered in calculations [11]. 

3.5 Experiments 
The experimental tests to produce gear wheels are planned according to the following 
specifications. 20 samples have been rolled with these conditions. 

3.5.1 Geometrical aspects 
The specifications of the selected gear wheel are given in table 1. The selected gear 
geometry is similar to a typical gear wheel in a truck transmission system. It has a 
module of 4 mm and a shift factor of 0.3. It is selected to have 21 teeth. The CAD file of 
gear can be generated, using KissSoft a software for gear calculations and analysis [17]. 

Knowing the specifications of the final product we can design the tool geometry for 
rolling, with the specifications presented in table 2. 

The number of teeth on the tool is defined based on the space available inside the rolling 
machine. It is preferred to use as large as possible number of teeth on the tools in gear 
rolling since it can provide better stability in process and provide better geometrical 
accuracies in the end of rolling. 

Table 1: Gear technical data for CAD design of product in KissSoft [17] 

Gear Parameter Specifications 
Normal module (mn) 4 mm 

Pressure angle (°) 20° 
Helix angle (°) 20° Right handed 

Number of teeth 21 
Outer diameter (da) 100 mm 
Root diameter (df) 81.7 mm 

Shift factor 0.3261 
Face width 40 mm 
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Figure 27: Blank geometry pre-form drawing for manufacturing 
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The blank geometry used as the work-piece to be formed into the target geometry 
specified in Table 1 is shown in Figure 27. 

Tools manufacturing drawings taken from Table 2 are shown in the Figure28. The blank 
shape and tool geometries are shown in Figures 29 and 30 respectively. They have been 
used in the real experiments. 

Table 2: Gear technical data for tools 

Gear Parameter Specifications 
Normal module (mn) 4 mm 
Pressure angle (°) 20° 
Helix angle (°) 20° left handed 
Number of teeth 59 
Outer diameter (da) 264.36 mm 
Root diameter (df) 246.07 mm 
Shift factor  0.4012 
Face width 70 mm 
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Figure 28: The tool drawing for manufacturing of tools 
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Figure 29: The shape of blank prepared for gear rolling 

 

Figure 30: The shape of the tools prepared for gear rolling 

3.5.2 Kinematics of the process 
Gear rolling experiments were performed in a PROLLEX HP XL rolling machine. The 
rotational and penetration plan for the tools had to be defined as input to the machine. It 
is critical to find the optimum process kinematics not to overload the machine before 
reaching the targeted geometry. If the process loads or torques go higher than the limits 
of the machine, the process will be stopped automatically. The kinematic plan needs to 
consider the problem of overloading. 

Figure 31 shows the loading sequence used in the experiments. The loading was done in 
100 steps. The rotation direction was reversed with regular intervals to avoid non-
symmetric formation of gear teeth flanks. Large penetration steps were taken in the 
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beginning of rolling when the flow stress of the material was low. Later on when the 
material was hardened much smaller penetration steps were taken. 

 

Figure 31: Penetration diagram (equal to Machine Diagram at PROLLEX HP XL) 

3.5.3 Material aspects 
The work-piece material is 16MnCr5 steel. Tools are made from powder steel produced 
steel ASP 2012. ASP 2012 is a proper powder-metal, when high toughness is needed. 
Mechanical properties of ASP 2012 are presented in table 3. 

Table 3: Mechanical characteristics of ASP 2012 

Hardness [HRC] 58  
Tensile strength Rm [MPa] 2500 
Young Modulus E [MPa] 2.2 E5 
Density [kg/dm3] 7.8 
Thermal expansion coefficient α [mm/(mm·K)] 12.6 E-6 

3.5.4 Rolling machine 
Rolling machine is a NC-controlled two-roller machine. PROLLEX HP XL is a 
prototype, developed for basic investigations of cross rolling operations. The machine is 
shown in Figure 32 and 33. 
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Figure 32: PROLLEX HP XL 

 

Figure 33: Tools mounted on the PROLLEX HP XL 

20 samples have been rolled with the described experimental design in this chapter. The 
rolled gear wheels are shown in Figure 34. 
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Figure 34: The 20 gear wheels rolled successfully  
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Chapter4: Results and discussion from FE simulations and 
experimental tests 
This chapter presents the results from both the FE analysis and the experimental tests. 
Based on the results from this chapter the conclusions and answers to the research 
questions can be provided. 

The material model parameters used in 4 appended papers are based on the literature and 
not taken from experimental tests done by the author.  

4.1 Review on the results in papers 
First we discuss the findings of each appended papers and how they can be used for 
further investigations. Then the results of experimental tests and FE simulations which 
are not published in appended papers will be presented. The last part of chapter 4 is to 
validate our FE model, based on the experimental facts. 

4.1.1. Paper A 
Paper A explained how the 2D simulations can be used for checking the geometrical 
deviations of the final gear profile from the standard geometrical profile. This work 
started a new approach toward process analysis based on FE simulations. 

In paper A two different sample geometries are studied, one with module 1 mm 
representing the small module gear wheels which can be used in automobiles, and the 
other with module 4 mm, which corresponds to the gears to be used in heavy 
transmission system like trucks. 

After designing the dies and finding the optimum blank diameter, simulation of gear 
rolling was performed. The geometries of rolled gear wheels after simulation were 
compared to the reference geometry to find the deviations in a qualitative way. 

It was shown that the geometrical deviations for the gear with module 1 mm were much 
lower than the deviations for the larger module of 4 mm. In practice it is concluded that 
gear rolling for large modules can produce large deviations in final product which is not 
desirable and should be removed with some extra process afterwards. Figure 35 and 
Figure 36 show the difference for these two cases. 
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Figure 35: The deviations (red hatches) from standard involute in case with module 1 mm [18] 

 

Figure 36: The deviations (red hatches) from standard involute in case with module 4 mm [18] 

In addition to the amount of deviations, another finding of this paper was about the pitch 
deviations along the profile of both gear wheels. In this particular study no reversal 
cycles of rolling direction were considered during the simulations. The simulation results 
showed that the tendency toward deviation from the reference geometry is not symmetric 
with respect to left and right hand flank sides as can be seen in Figure 37. The simple 
reason behind that is with no reversal cycles, we did not keep the symmetry in rolling 
and that means in one rolling direction we have more errors in comparison to the 
opposite direction. This showed the importance of reversal cycles in process design 
which is studied in Paper C more in details. 
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Figure 37: The asymmetric deviation (red hatches) on right and left flank sides of the rolled gear [18] 

4.1.2. Paper B  
This appended paper discusses the effects of magnitude of the friction factor in the 
rolling process by the help of a 2D model. 

The most common friction model when modeling the rolling processes is the shear 
frictional model, because it describes friction relatively well [15]. The shear frictional 
model was used to describe the frictional conditions in the contact between the tool and 
the work-piece during gear rolling. The gear rolling involves very high frictions and it is 
necessary in the start of the process to keep high friction to engage the tool teeth and the 
work-piece material. On the other hand high friction can result in a reduction of the tool 
life and the performance of the tools. Therefore it was necessary to understand the effect 
of friction on the final product to be able to decide what factor is reasonable to use in 
further investigations. 

Two different shear friction factors as 0.1 and 0.4 were studied in the paper B. The lower 
factor will be used to analyze the process were we have used lubricant to reduce the 
friction. The higher factor is describing the frictional situation for not lubricated or dry 
which might happen in the first steps of the gear rolling process. 

The simulation result showed that if we use high friction, the full depth of gear teeth will 
be formed faster rather than using a low friction factor which will need longer time of 
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process to reach the full depth of gear teeth. It can be concluded that in order to reduce 
the time higher friction is favorable. 

Also this study showed the accumulated damage in the material after gear rolling can be 
different if different friction condition exists. Higher friction factor will lead to higher 
amount of strains and consequently higher damages. 

The last important finding of this study was the effect of shear factor on one final 
geometrical error called “rabbit ears” in gear rolling. It showed by using lower friction it 
is possible to get more symmetric and closed rabbit ears in comparison to the high 
friction factors; See Figure 38 and 39. 

Concluding based on the points presented in Paper B, it can be said that both high and 
low friction has advantages for the final product. Therefore, it can be desirable if the 
process is designed with control on the lubrication system of the contact zone between 
the tools and work-piece. The process starts with high friction to get good pitch accuracy 
of the product with no lubrication; then it will continue by inserting the lubricant flow 
over the contacting area. This will help to reduce the damages and increase the tool life 
and also produce a better profile accuracy in terms of smaller errors like rabbit ears. 

 

Figure 38: Tip shape with f = 0.1: 12th cycle (left), 13th cycle (middle), 14th cycle (right) [19] 

 

Figure 39: Tip shape with f = 0.4: 12th cycle (left), 13th cycle (middle), 14th cycle (right) [19] 
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4.1.3. Paper C  
This paper presented an advanced method to evaluate the effect of different process 
kinematics on the final gear quality. This FE based method, can compare the products 
which are the result of the process simulation in 3D FE models, and print out some 
deviation charts in relation to gear standards. This paper provides a new approach to the 
analysis of the process kinematic planning based on the gearing quality in the end of 
process. 

Four different process cases were considered in the study. The first with no reversal 
cycles during rolling, the second one with reversing the process after each cycle, the 
third one with alternating the rolling direction after each two rolling cycle and the last 
process was designed by just one reversing the final cycle . 

Based on the described process scenarios, the simulation of the rolling process was 
performed for each of four cases and the results are recorded for further comparison of 
the geometrical accuracy. To check the geometrical accuracy a MATLAB script was 
developed that prints out the deviations and errors for any gear profile in comparison to 
the reference profile [20]. 

The script ideas are basically taken from gear standards and definitions where different 
geometrical parameters to evaluate gears are presented. In this work the deviations in the 
involute shape are considered. It is one of the most important errors occurring in gear 
production. Therefore, having a measure of the involute accuracy can give a good 
estimation of the process design and process parameters selection in general. 

The work was done in 3D space, therefor to reduce the simulation time just one quarter 
of the gear wheel were used, as shown in Figure 40. 

 

Figure 40: The progress of simulation on quarter of the sample gear in 3D space [21] 
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Figure 41: Yellow standard profile and grey simulated profile (left); the plane cut orthogonal to the 
inclined gears where evaluation of the profile is done (right) [21] 

When the simulation results are ready, the comparison of the product and reference 
geometry is possible. To perform the comparison between the rolled gear from 
simulation and the reference standard profile, the middle plane which cut the middle 
tooth at the middle of the face width is defined, as shown in Figure 41. 

The geometrical data of the points on the defined cut plane were imported to the 
MATLAB code to run the profile evaluation regarding the deviations from involute and 
printed as can be seen in details in paper C, see Figure 42. 

The study results showed the high importance of the process design on the involute 
deviations. Without having reversal rolling, significant deviations from involute were 
seen. In contrast to that, even with one reversing cycle in the end of the process, it was 
shown that the production errors can be reduced noticeably.  
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Figure 42: The rolled profile of the gear with four different process reversals in magnified view of middle 

tooth of the work-piece [21] 

4.1.4. Paper D  
In paper D the results of the research of the kinematics of the rolling process is 
published. This paper showed how the process kinematics should be planned in order to 
reach the required depth of material deformation without over-loading the machine. 

In order to study the loads and torques a number of simulations were performed for the 
selected sample gear. The first simulation was done with equal penetration steps for each 
cycle of rolling. This scheme resulted in very high loads which were higher than the 
capacity of the rolling machine. The machine used for the experiments has a maximum 
capacity of 400 KN, see Figure 43. 
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Figure 43: Process load with constant penetration steps result in overloading [22] 

To overcome this problem, another approach was used. It had large steps of penetration 
in the beginning and smaller amount of penetration in the final cycles. The new 
penetration curve is shown in Figure 44. 

 

Figure 44: Optimized process plan, the penetration path [22] 
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Figure 45: Optimized process loads [22] 

Significant reduction in load distribution was seen due to the change of penetration 
scenario, see Figure 45. The new approach avoided to load the machine close to its limits 
and still managed to reach the required depth of teeth in the end. This reduction in load is 
due to the change in the contact pattern between the tool and the work-piece material 
which is presented in detail in paper D. 

According to the results of paper D, it can be concluded that it will be reasonable to 
consider a process design were always the highest penetration of the tool into work-piece 
occurs in the first stage of the rolling to gradually decrease until  the full depth of teeth is 
reached. 

4.2 Results not covered in papers 
The experimental tests were performed after publication of appended papers. The 
material constants which are based on experimental tensile and compressive tests were 
not considered in the papers. Therefore, in the rest of this chapter the results of the 
experiments, and the results of FE simulations based on the material parameters obtained 
from appendix A and B are presented. This is done to validate the presented FE model to 
use it in future investigations. 
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4.2.1 Experimental results 
Without experimental test and verification of the FE model we cannot be certain of the 
correctness of the predictions of the model. So for that reason a series of rolling trials 
were performed and simulations were performed under the same conditions. In this 
section of the thesis the experimental tests and the results will be presented. 

The gear rolling tests were performed on 20 samples. The tests were successful and all 
20 gear wheels could be rolled to the required tooth depth. 

To have an evaluation of the gear quality after gear rolling 5 samples were measured 
with a CMM (computer measurement machine), and the quality levels were recorded 
according to the DIN 3962 standard [10]. Also the final outer diameter and root diameter 
of the gear wheel was measured to check if the full depth of penetration. These results 
are presented in Table 4. 

The profile deviations are reflecting the accuracy in generating the involute shape of the 
gear tooth on the work-piece. Quality 12 corresponds to the worst acceptable quality and 
quality 1 shows the highest quality with minimum deviations. For rolled gears with 
module 4 mm, the measured quality id 12. Normally, in the industrial applications it is 
desired to have gears with quality of 6 or 7. 

The flank line deviation of the profile, are an illustration for the accuracy in helix angle 
of the formed teeth. The results showed, in the worst cases, a quality 11 for flank line 
deviations has been reached. That means in practice the formation of involute shape is 
more difficult than forming the required helix angle. It was expected since the involute 
shape has more complexity. 

The pitch deviation, are also presented in table 4. This measure can give information on 
the accuracy of the process in order to generate equal size of pitches. In gear rolling with 
round tools, there is an unavoidable pitch change in each cycle of rolling while the tools 
are penetrating into the work-piece. This is due to change in contacting points between 
the tools and work-piece. More penetration, make more deformation so we are dealing 
with different pitches. The good process design will be to make these changes as smooth 
as possible. That requires very small penetration steps each cycle. In the other hand, in 
the beginning of the process we need to have higher amounts of penetration to engage 
the tools and work-piece. This contradiction makes it a very difficult task to select the 
optimum process kinematic. For our cases the pitch quality can be considered as quality 
11. 
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The last row of the table 4, presents the deviation of the outside and root diameters 
obtained from gear rolling compared to design values. The results of this part are more 
accurate and the order of differences is more acceptable. One reason could be that the 
machine is programmed based on the penetration values. In process kinematic we are 
assured that tools will penetrate until they reach the 13 mm of penetration. That will lead 
to accurate formation of root and outside diameters.  
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Table 4: The quality measurement of 5 of the rolled gear wheels, measurement done in 
Chemnitz 

Quality Measurement Parameter Sample 
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Pr
of

ile
 

 

Form 
deviation 

ffα 
11 10 11 11 11 

Angular 
deviation 

fHα 
12 12 12 12 12 

Fl
an

k 
Li

ne
 

 

Form 
deviation 

ffß 
 

8 8 9 10 8 

Angular 
deviation 

fHß 

 

11 10 10 11 10 

Pi
tc

h 

 

Single 
deviation 

fp 
11 11 11 12 11 

Step 
deviation 

fu 
10 9 9 11 10 

Total 
deviation 

FP 
12 11 11 12 11 

D
ia

m
et

er
 

 

Outer 
diameter 
ɸ100 mm 

+0.131 +0.116 +0.121 +0.064 +0.117 

Root 
diameter 

ɸ 81.70 mm 
-0.005 -0.025 -0.034 -0.025 +0.030 

 



 
 

51 
 

4.2.2 Results of FE simulations 
Simulation of gear rolling for the gear wheel with module 4mm was performed under the 
conditions described in the previous chapter and with the material parameters obtained 
from appendix A and B. The simulations are performed in the DEFORM3D. 

Figure 36 shows the strain distribution in the simulated sector of work-piece which is 
one seventh of the whole profile (3 teeth are included in this sector). Because of the 
boundary conditions, applied on both sides of the sector of the work-piece, the values on 
the middle tooth will be more reliable for analysis, since that tooth is far from the 
boundaries and the closest conditions to the real experiments exists. 

Damage is calculated based on the C&L Normalized model, see Appendix B for details. 
For the work-piece material (16MnCr5), value of 2.12 has been found as the critical 
damage amount. Figure 47 illustrates the level of damage over the middle tooth in 3D 
model.  

The damage might exceed its critical level on both ends of the gear face-width, but that 
area will be removed in further processes after gear rolling.  
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Figure 46: The strain distribution on the 3D model of rolling process (top), and the strain distribution on 
the middle of the face width (bottom) 
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Figure 47: Accumulated damage in material after gear rolling over all teeth (top), and the damage 
distribution on the middle of the face width (bottom) 
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4.2.3 Validation of FE with Experiments 
In order to check the validity of the FE model, the results from 3D simulation for rolling 
of a section including three teeth of the work-piece are considered in this section. 

Interrupted rolling tests at four different penetration depths until reaching the full depth 
of the teeth (13 mm of tool penetration) are performed. These tests and their results are 
shown in Table 5. 

In Figure 48 and Figure 49 the comparison between the loads and torques from FE 
simulation and experiments are provided respectively. It can be seen from both Figure 48 
and Figure 49, there is good co-relation between the predicted load and torque values by 
FE model and the load and torque recorded from experiments. An average error of 15 % 
to predict loads and torques means that the model is reliable in terms of material model 
and process kinematics and can be used for further investigations. 

The next step to check the accuracy of FE results is to validate them based on the 
geometrical errors. It is known that any FE calculation will produce some errors due to 
the numerical approximation and assumptions which were made to build the FE model. 
Still it is desirable to check if the order of errors occurring in the FE simulations is 
comparable to the errors in experimental tests. Some of the quality measures used in 
section 4.2.3 will be evaluated for the FE results to check if FE results follow the same 
quality measures of experimental tests. 

It is necessary to note that, since in the FE model a sector with three teeth inside it was 
modelled, the data for three teeth from FE model are just presented. The middle tooth of 
those three has the closest condition to the real rolling process since it is far enough from 
the implemented extra boundary conditions on cut sides of the work-piece and situated in 
a steady state of rolling condition always during the simulation.  

First the involute accuracy will be measured on the simulated gear wheel. There are 
different indicators to explain the accuracy of the results according to gear measurement 
standards. Here the form deviation (ffα) is considered to validate the results of FE 
simulations. To have an accurate overall understanding of the gear quality, an extra 
measurement is performed which read the data for all 21 teeth on the produced gear 
wheel related to the form deviation. The measured results are presented in the same 
graph with the measured results on three teeth from FE simulation to see the scatter of 
the errors in Figure 50. 
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Table 5: Loads and torques from FE simulation results and experimental tests 

Depth of tool 
penetration (mm) 

FEM Results Experimental Results 
Work-piece  

Load 
(kN)   

Torque 
(Nm)  Load (kN) Torque (Nm) 

3.25 52 620 68 551 

  

6.5 98 853 109 737 

  

9.75 151 957 134 859 

  

13 212 1530 193 1311 
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Figure 48: Comparison of loads; predicted by FEM and recorded in experiments 

 

Figure 49: Comparison of torques; predicted by FEM and recorded in experiments 
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Figure 50: Form deviations (ffα) after gear rolling, comparison the experiment and FE results 

As it is illustrated by Figure 52 the values of deviations are in the range of -40 to +60 μm 
based on the measurements on all 21 teeth of the rolled gear wheel. The same 
measurement on the FE simulation rolled gear wheel teeth revealed that this deviation up 
to 100 μm on side teeth and 60 μm on the middle tooth.   The amount of form deviation 
ffα in FE results, can be improved if the mesh is finer and the less simplification are 
added to the model definitively, but still we can claim that the amount of errors are 
reasonable for a finite element simulation in comparison to the same measure from 
experiments.  

Two peaks in the experimental measured data on tooth number 6 and 16 are observed in 
Figure 50. The reason behind these peaks is the asymmetric loading and starting point of 
the process for those two teeth. Actually to produce a gear with 21 teeth the positioning 
of the tools in two sides cannot set to be symmetric. This is necessary to create the right 
pitches in the first round of rolling. Therefore the deviations on those two teeth and the 
teeth close to them are higher than the remaining teeth. Based on this fact we can 
conclude that the starting point of the process will affect the whole process until the end 
since the deviations will be repeated. It is believed that such errors would be less in the 
case of rolling of a gear with even number of teeth since the symmetric process can be 
performed for those cases. 

The next measure to check is the form deviation ffß. Same as previous measurement, the 
deviations for all 21 teeth on rolled gear wheel were evaluated and plotted in Figure 51 
together with the data for the 3 teeth on the simulated rolled gear. 
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As it can be figured out, the scatter of deviation are smaller respecting the helix angle of 
the gear wheel in compare with involute deviations. This was also seen in table 4, where 
the quality for helix form deviations ffß was measured with quality 8 to 10 on 5 selected 
sample gears. The evaluated result related to form deviation ffß on the simulated gear 
wheel also shown in Figure 51. It can be seen the FE prediction is completely in range of 
the errors from experiments. This is another validating fact for the model used to 
simulate the gear rolling by FEM.  

 

Figure 51: Form deviations ffß after gear rolling, comparison the experiment and FE results 

The last gear quality measure to check between the FEM and experimental results is the 
accuracy of pitch generation. Here the single pitch deviations fp are considered since the 
data from FE is limited to three teeth and it is only possible the read the pitch deviation 
data for left and right flank of the middle tooth of those simulated three teeth. 

Also the average pitch deviation for the experimental rolled gear wheels calculated to be 
compared with FE result. The graph in Figure 52 shows the estimated single pitch 
deviation from FE simulation and the actual deviation which occurred in experiments. 

As can be seen in Figure 52, the pitch generation is simulated with a good comparability 
to the real process and the results of experiment are confirming the validity of the FE 
model. The quality for single pitch deviation, measured for 5 different gear wheels from 
those 20 rolled wheels, and the prediction is that the level of pitch accuracy will be close 
to DIN 11 level as can be seen from Figure 53. 
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In general as presented in table 4 and also in Figure 49, the largest deviation between 
experiments and FE simulation occurred  for the forming of involute shape (ffα)  in gear 
rolling process rather to the forming the helix angle ffß. As explained before the reason is 
more complexity in nature of forming of an involute shape on gear tooth in comparision 
to the difficulties of forming a tooth with a specific helix angle. 

 

Figure 52: Single pitch deviation fp; measurements on five different gears and the predicted result from 
FEM 
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Figure 53: The DIN quality level predicted by FEM and measured on 5 different experiments 

The advantage of this research is that a reliable model was built to simulate and predict 
the results of gear rolling process without doing expensive experimental trials. The 
model presented in this work can be used for further investigations from the design of 
dies and blank geometry to setting of the process parameters and help to develop the 
process to achieve better quality results. 
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Chapter 5: Conclusions and future research 
As an engineering problem it is important to identify the limitations and possibilities 
when one wants to make changes in a manufacturing method. The gear rolling process, 
as an innovative process to replace traditional machining processes to manufacture gear 
wheels with relatively high modules was studied in this thesis. 

In the case of gear manufacturing, several points should be investigated to assure the 
required quality of the gear wheel. The main aim of this thesis was to check the quality 
of production of gears using the gear rolling method. The conclusions of the 
investigations are formulated as answers to the research question from the first chapter. 
Some suggestions to continue the research in this area are provided at the end. 

5.1 Conclusions 
The conclusions are presented here as answers to the research questions discussed in the 
first chapter. 

RQ #1: Is it possible to roll a gear wheel with a normal module larger than 3 
mm? 
The feasibility of rolling of gears with high module is investigated in this work. First by 
using numerical analysis, the possibility of rolling of a gear wheel with module 4 mm 
was checked. The simulation results showed that it is possible to reach required large 
plastic deformations in order to form the gear teeth on the work-piece with module 4 
mm. The FE investigations, showed the possible errors that might occur in rolling of 
gears. Comparing the results of rolling for module 4 mm and module 1 mm, it is shown 
that rolling of gear wheels with large module will produce more deviations and result in 
lower qualities in general. 

The major error predicted by FE was the matter of gear quality. A new approach to use 
finite element method to evaluate the quality of the gears was proposed also in the 
appended publications. Using this approach can help process engineer to improve the 
process design before running expensive experiments. 

Experimental tests were performed to roll-form a gear wheel with module of 4 mm. The 
tests were successful in terms of forming the gear tooth depth according to the design 
specifications. Therefore it is possible to claim that gear rolling can be used to 
manufacture gear wheels with high modules. 

As a conclusion to this, a combined method, which needs both FE simulations and 
experimental tests, will be suggested in order to be used in future research. The FE 
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simulation is the start point of the process design, where engineers can design the tools, 
blank geometry and the process kinematics. In running of the physical tests, the 
manufacturing errors will be seen. The errors can be used as feed-back for improving the 
process in the next simulation step. Repeating this cycle will result in a gear wheel with 
required geometry. 

Thus we can conclude that the first hypothesis is confirmed and it is feasible to 
manufacture a gear wheel with module larger than 3mm by using gear rolling method. 

RQ #II: What is the effect of friction and rolling direction on geometrical 
quality of rolled gear? 
There are several parameters involved in the rolling of gear wheels. They are all 
influencing the gear rolling process in terms of quality. From this research we learned 
that the process parameters lay in the process kinematic plan. First point to be considered 
was explained in paper A about the effect of reversal cycles. It was shown that straight 
rolling (rolling without reversing the rotational direction of tools) will influence the 
distribution of errors on flank sides. Therefor the reversal cycles are necessary to be used 
in process planning. 

In paper C, the effect of reversal cycles in the process of gear rolling were studied using 
FE models. Different process kinematics with different reversing approaches were used. 
It was shown that more accuracy in the final product can be obtained when we have 
larger numbers of reversals. 

The effect of the process kinematic plan is also studied in this research. It is found that 
the process kinematic control is the key to controlling the load and torque growth in the 
rolling machine. It was concluded to keep the level of force and torques below the limits 
it is needed to use larger penetrations in the early stages of rolling and reduce the 
penetration speed gradually. Then we can get an optimum process plan which results in 
full formation of the tooth geometry. To run the experiments this fact was considered and 
the process kinematic was designed accordingly. 

Another important issue is the friction in the process. Paper B, discussed the matter of 
friction in detail with the help of the FE models. Based on the FE simulations, it was 
found that using high friction to start the process is desirable to engage tools and work-
piece and prevent them from sliding. For this reason, in the experiments, lubrication was 
supplied to the contacting zone of tool and work-piece only after being sure about the 
enough contact between the tools and work-piece. Also it was shown that with lower 
friction it is possible to reach better symmetry in geometry. Especially for rabbit ears, FE 
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results, showed better shape of formed tooth tip when lower friction was present in the 
rolling process. 

Based on these observations, we can confirm the second hypothesis. The quality of the 
gear wheel can be improved by controlling the process parameters in gear rolling 
process. Control on friction and alternating the rolling direction are necessary to reach 
the better product quality. 

RQ #III: What is the gear wheel quality after gear rolling and how it can be 
improved? 
Most critical problem related to gear rolling can be discussed under the topic of gear 
quality. Considering the quality of gears, we found that the rolled gear wheels are not 
satisfying the quality demands at the moment for being used in gear production. 

Commonly a gear quality of 6 or 7 can satisfy the industrial demands in gear 
applications. In the studied cases the quality results are far from that quality.  Quality 10 
was recorded for some of the quality measures in best cases. Much more investigations 
are necessary to be able to find the sources of the production error with gear rolling. 
Probably rolling with machines with higher loading capacity can be an alternative to 
improve the quality. 

In terms of quality, it is observed that the generation of the involute form of the gear 
wheel is the most problematic part for the gear rolling process. Since large amounts of 
deformations will occur, the control of flow is very critical in this process to not generate 
large deviations. The helix angle formation of the gear tooth was less problematic 
checking the quality of it, but still improvements are mandatory in this measure.  

The pitch problem, for a large module gear wheel, is also unavoidable. In principle we 
are generating this error onto the geometry during the process by the process nature, 
therefore a process design which implies the minimum pitch deviation will be desirable. 
Such process is with a very large number of rolling cycles, where the change of the pitch 
is very small per each rolling cycle. Having such process is not practical, since one of the 
reasons to use gear rolling is to have fast processing times. 

The experimental test outcomes and simulation results of this work lead us to reject the 
third hypothesis. It is not possible to reach the requested quality of 6 to 7 using gear 
rolling method at the current state of research. 
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5.2 Future work 
This thesis was a first step to develop the process of gear rolling to use for mass 
production of gear wheels with large modules. The most important obstacle in front of 
this development found in this thesis was the matter of gear quality were it was not 
possible to reach the demanded quality for gear wheel using this method. Therefor the 
first approach to continue this research should emphasis on solving the quality problem. 

One way to continue this work is using different geometrical modifications on the blank 
geometry to see if it can help to have better qualities. As well, it can be interesting to see 
the effects of tooth modification on tool design on the final quality of the product. 
Another possibility is to try more experiments with more powerful rolling-machines. It is 
expected to see improvements using a more rigid with higher load capacity machine to 
perform the gear rolling. In this work, the role of material was not investigated. More 
investigations on the response of different materials for both blank and tool can be 
interesting in further steps. 

Another aspect to be considered in further studies is the response of material and changes 
occurred in the metal microstructures after gear rolling. This can be done to see what are 
the advantages or disadvantages of gear rolling process on gear strength. Also using 
different material with different work hardening can be another interesting topic to be 
considered. 
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Appendix A 
To have reliable results from FE analysis, the material model needs to be defined 
accurately. To obtain the constants for the 16MnCr5 flow curve used in chapter 3, two 
different tests were performed on samples taken from the work piece material used in the 
gear rolling experiments. 

Tensile test 
To find the stress-strain curve of the material, selected samples with the geometry shown 
in Figure 54, are used. The specimens have the average diameter of 7± 0.2 mm and 
length of 28 mm. The tests were performed with speed of 0.0067 mm/s. The tests were 
done at room temperature. More details about how to perform the test can be found 
through several references [23-26]. 

 

Figure 54: Tensile test specimen, geometrical specification 
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Figure 55: The engineering flow curve in tensile test for 16MnCr5 

The tensile test completed of the specimens, and the average response of the material 
until fracture is shown in Figure 55 in the engineering flow curve of 16MnCr5. 

Compression Test 
To have the material response under different strain rates, additional compression tests 
are performed. The compression test specimen has a cylindrical geometry with a 
diameter of 6 mm and a height of 9 mm. The tests were performed with combined speeds 
of 0.5 mm/min and 5 mm/min to find the material flow dependency on the strain rate. 
This corresponds to strain rates between 9 10-4 and 9 10-3. These tests were also 
performed at room temperature same as tensile tests. The results are shown in Figure 56. 
For more information several references are cited here [27-30]. 
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Figure 56: The engineering flow curve in compression test for 16MnCr5 

The m-value based on these tests is shown in Figure 57. Of the average of the strain rate 
sensitivity was m= 0.007. This sensitivity was considered so low that it was neglected in 
the simulations. 

 

 

Figure 57: m-values based on compression tests with two different strain rates 
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Setting the m-value to be zero, allows us to find the remaining constants of the flow 
curve. This can be determined by a simple fitting algorithm. The following values found 
to provide a good material response in FE simulation which can describe both tensile and 
compressive behavior closely. The power law in DEFORM is defined based on true, 
stresses and strain, therefore, all the experimental data have been converted to equal true 
strains and stresses. 

C= 630 MPa 

Y= 250 MPa 

n= 0.25 

The plot of power law defined in numerical simulations and based on above values is 
presented in the Figure 58. Also the true strain-stress curves from experimental tensile 
and compressive tests are shown in the same graph in Figure 58. The compression curve 
is little higher, due to higher speed and some friction effects. 

 

Figure 57: The true strain-stress curve of 16MnCr5 and FE-model for 16 MnCr5 used in simulations 
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Appendix B 
The Damage concept was used in the FE simulations to evaluate the risk of cracking. 
The Damage function is calculated continuously during forming and if it reaches a 
critical value this is considered an indicator of crack initiation. This means that a 
Damage function must be specified and the critical value has to be identified with 
experimental trials. In this work we use the Damage function proposed by Cockcroft and 
Latham [31-34]. 

�
σ𝑚𝑚𝑚
σ𝑖

𝜀𝑖(𝑡)

0

 𝑑𝜀𝑖(𝑡) = 𝐷 

Where σmax is the maximum principal stress, σi the effective stress, εi the effective strain, 
D is the accumulated damage. The critical damage value Dcr is evaluated by studying the 
tensile test at the crack initiation. 

 

Figure 59: The image from microscope at fractured surface after tensile test, the diameter of neck is 4 
mm when crack initiated 
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In Figure 55, it can be seen that the final failure of the tensile specimen occurred after 
38% elongation of the specimen. Figure 59, shows that the sharp neck of the specimen 
has a diameter of 4mm. This corresponds to a true strain in the neck of 40%. 

The damage is recorded during a FE simulation of the tensile test. Figure 60 illustrate the 
damage value distribution in the tensile specimen. In this way the critical value could be 
obtained. Dcr was found to be 2.12. This critical value was subsequently used in gear 
forming simulations to indicate if there was a risk of failure or not. 

 

Figure 60: Accumulated damage in FE simulation of tensile test at failure 
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