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Abstract 

Efficient transmissions systems are key to producing competitive motor vehicles that have a 

smaller environmental impact. Gears are the main components in vehicle transmissions and 

although they are already highly efficient, there is still room for improvement. In this study, 

the focus falls on the lubricant used to create separating films between gears and to 

dissipate heat. When driving, the gears churn this lubricant, giving rise to power losses that 

are related to the amount and properties of the lubricant. However, any attempt to reduce 

these losses must not compromise the required lubrication and heat dissipation.     

 

Paper A reports on the use of an FZG gear test rig to investigate power losses and heat 

generation for different gear immersion depths, surface roughness and coatings. The results 

show that lower gear roughness reduces gear mesh losses and heat generation. A polishing 

affect was obtained when a non-coated gear ran against a coated gear. 

  

The aim of the research reported in paper B was to increase the accuracy of efficiency 

testing. It investigated how and whether repeated disassembly and re-assembly of the same 

test equipment, as well as test performance and rig conditions, affect the measured torque 

loss in an FZG gear test rig. It was shown that the measured torque loss changes between 

one assembly and another. Repeatability between tests is crucial for accurate conclusions.  

 

The aim of the research reported in paper C was to study whether gear efficiency could be 

increased by a running-in procedure, which would reduce the need for a coolant. A back-to-

back gear test rig was used to test two running-in loads. Higher gear mesh efficiency was 

seen when a higher running-in load was used. 
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SAMMANFATTNING 
 

Den svenska industrin för fordonstransmissioner sysselsätter mer än 5000 personer. Väl 

fungerande transmissioner är nödvändiga för konkurrenskraftiga fordon. Mer miljövänliga 

fordon behövs för en mindre påverkan på miljön. Det målet kan nås genom att minska de 

förluster kopplade till transmissionerna och följaktligen öka verkningsgraden i växellådan. 

Kugghjul är huvudkomponenten i fordonstransmissioner och har en hög verkningsgrad, dock 

finns det fortfarande potential för förbättring. Ett smörjmedel används i växellådor för att 

smörja och kyla kugghjulen. Under körning sprider kugghjulen runt oljan, då uppstår förluster 

som är kopplade till mängden olja och dess egenskaper. Att minska energiförlusterna 

kopplade till oljan är därför fördelaktigt men kraven för smörjning och kylning måste 

fortfarande uppfyllas. 

 

I artikel A användes en fyrkantsrigg av typ FZG för att undersöka energiförluster och 

värmegenerering för olika oljenivåer på kugghjulen, ytfinheter och beläggningar. Resultaten 

visar att en slätare yta är nödvändigt för mindre förluster i kuggkontakten och för lägre 

värmegenerering. En polerande effekt uppstod då ett obelagt kugghjul kördes mot ett belagt 

kugghjul. 

 

I artikel B undersökter hur noggrannheten i verkningsgradstester kan ökas. Det undersöktes 

hur och om upprepade isärtagningar och hopsättningar av samma test och hur testutrustningen 

tillstånd påverkar mätresultaten i en fyrkantsrigg av typ FZG. Det visades att det uppmätta 

förlustmomentet varierar mellan olika testuppsättningar och vikten av repeterbarhet mellan 

tester är viktigt för riktiga slutsatser. 

 

I artikel C studerades om verkningsgraden kan ökas med en inkörningsprocess och 

följaktligen minska kravet för ett kylmedel. En fyrkantsrigg användes för att testa två olika 

inkörningsprocedurer. En högra verkningsgrad i kuggkontakten uppnåddes då kuggjulen 

kördes in med en högre last.  

 

Nyckelord: kugghjul, verkningsgrad, temperatur, inkörning, montering, förlustmoment, 

ytfinhet 

 
  



PREFACE 
 

The work reported in this thesis was carried out between November 2011 and July 2014 in the 

Department of Machine Design at the Royal Institute of Technology (KTH) in Stockholm, 

Sweden. 

 

I would like to thank Energimyndigheten and the companies Scania and AB Volvo for 

funding this project. Special thanks to Mårten Dahlbäck at Scania and Lennart Johansson at 

AB Volvo for instructive meetings and visits. Also, thanks to Valery Chernoray and Erwin 

Adi Hartono at Chalmers and Usman Afridi at Vicura AB for their collaboration and valuable 

input. 

   

I am grateful to Ulf Olofsson, my main supervisor, for his guidance, for giving me the 

opportunity to do this work and for helping me with testing and the interpretation of results. I 

would also like to thank my other supervisors, Stefan Björklund and Ulf Sellgren.   

 

I would also like to thank my co-workers Sören Sjöberg and Mario Sosa for working, writing 

and discussing tribology and gears with me. I am also grateful for the help I received from 

Peter Carlsson and Tomas Östberg. 

  

Finally, thanks to my brother and sister for lending their couches to sleep on. That reduced 

commuting time by several hours. 

 

Stockholm, August 2014 

 

Martin Andersson 

  



LIST OF APPENDED PUBLICATIONS 
 

This thesis consists of a summary and the following three papers.  

 

Paper A 

 

Martin Andersson, Ulf Olofsson, Stefan Björklund, Ulf Sellgren. A study of the influence of 

gear surface roughness and immersion depth on gear efficiency and temperature. 16
th

 Nordic 

Symposium on Tribology, June 10–13 2014, Århus, Denmark.  

 

The author planned and carried out the experimental work and the writing. The author did 

most of the evaluation of the experimental work. 

 

Paper B 

 

Martin Andersson, Mario Sosa, Sören Sjöberg, Ulf Olofsson. Effect of assembly errors in 

back-to-back gear efficiency testing. International Gear Conference, August 26–28 2014, 

Lyon, France. 

 

The author participated in the planning, the experimental work, the analysis of the results and 

the writing together with the other authors. 

 

Paper C 

 

Sören Sjöberg, Mario Sosa, Martin Andersson, Ulf Olofsson, A study of running-in and 

efficiency of ground gears. Submitted to Tribology International. 

 

The author contributed to most of the experimental work and participated in the evaluation of 

the results and the writing with the other authors.  
 

  



LIST OF PAPERS SUBMITTED BUT NOT INCLUDED IN THIS 

THESIS 
 

Sören Sjöberg, Martin Andersson, Ulf Olofsson “Analysis of running-in using Stribeck-

curves, with application to gear mesh”. Submitted to Tribology International. 

 

  



CONTENTS 
 

1 INTRODUCTION ........................................................................................................................................ 1 

1.1 TRANSMISSION CLUSTER ................................................................................................................................ 1 
1.2 THESIS OBJECTIVE .......................................................................................................................................... 2 

2 FRAME OF REFERENCE ......................................................................................................................... 3 

2.1 GEARBOX EFFICIENCY AND POWER LOSSES .................................................................................................... 3 
2.2 LUBRICATED CONTACT .................................................................................................................................. 4 
2.3 FRICTION IN ROLLING AND SLIDING CONTACTS .............................................................................................. 6 
2.4 GEAR POWER LOSSES ..................................................................................................................................... 6 

3 EXPERIMENTAL EQIUPMENT AND METHOD ................................................................................... 9 

3.1 FZG BACK-TO-BACK GEAR TEST RIG .............................................................................................................. 9 
3.2 CASE HARDENING AND PVD COATING PROCESS .......................................................................................... 11 
3.3 RUNNING-IN ................................................................................................................................................. 12 
3.4 GEAR EFFICIENCY TESTING .......................................................................................................................... 13 
3.5 ESTIMATIONS AND CALCULATIONS .............................................................................................................. 14 

4 SUMMARY OF APPENDED PAPERS .................................................................................................... 15 

4.1 A STUDY OF THE INFLUENCE OF GEAR SURFACE ROUGHNESS AND IMMERSION DEPTH ON GEAR EFFICIENCY AND TEMPERATURE 16 
4.2 EFFECT OF ASSEMBLY ERRORS IN BACK-TO-BACK GEAR EFFICIENCY TESTING ......................................... 16 
4.3 A STUDY OF RUNNING-IN AND EFFICIENCY OF GROUND GEARS .................................................................... 17 

5 CONCLUDING REMARKS DISCUSSION AND FUTURE WORK ...................................................... 18 

6 REFERENCES .......................................................................................................................................... 20 

 

 

Appended papers 

A. A study of the influence of gear surface roughness and immersion depth on gear 

efficiency and temperature 

B. Effect of assembly errors in back-to-back gear efficiency testing 

C. A study of running-in and efficiency of ground gears 



1 

 

1 INTRODUCTION 
 

The manufacture and development of transmission systems has long been an important aspect 

of the Swedish vehicle industry. In Sweden more than 5000 people are currently employed in 

the production of vehicle transmissions. 

The reasons for using gear transmissions include transferring high torques and changing the 

type of motion. Gears are the main component in gearboxes and they can transmit power with 

high efficiency [1]. However, even more efficient transmissions need to be developed in order 

to accommodate high fuel prices and to reduce CO2 emissions so as to have a lower impact on 

the environment.  

 

Today’s gearboxes are complex and consist of many elements including gears, bearings, seals, 

shafts and auxiliary equipment. The efficiency of a gearbox will depend on how large the 

energy losses from these machine elements are.  

 

A lubricant is used to reduce friction and wear, and for cooling. Friction is reduced either by a 

separating oil film or by additives transported to the gear mesh by the lubricant. The 

effectiveness of cooling depends on the amount of lubricant and how well it is transported to 

the hot gear flanks. 

 

Energy losses can be separated into load-dependent and no-load losses. Load-dependent 

losses are those from gears and bearings when torque is transferred. No-load losses occur 

even without any load being transmitted [2]. They are due to the rotation of shafts, which 

causes bearings and gears to be dragged in the lubricant. Energy losses when gears are 

dragged in the lubricant are called churning losses and are affected by the oil level, viscosity 

of the lubricant and rotational speed [3][4]. Gear churning losses can be a major contributor to 

the total energy losses in a gearbox. Running gearboxes with a lower oil level and lower 

viscosities can reduce these losses, but causes worse lubrication and thus higher temperatures. 

Höhn et al. [5] have studied possible gear failures due to increased temperature.  

 

Research on transmissions has been conducted for a long time, and generally improvements in 

gearbox efficiency are made in small steps. Thus it is crucial to decide whether results from 

testing are better or worse than before. Wang et al. [6] found that the contact load distribution 

changed with different test assemblies. Deviations in the load distribution can in the long run 

lead to lower efficiencies.  

1.1 Transmission cluster 

This project is part of the transmission cluster which Scania AB, AB Volvo, Vicura AB, KTH 

and Chalmers have started. The project sponsors one PhD student at KTH and another at 

Chalmers. The aim of the project is to lower the no-load losses in gearboxes without 

shortening the life of the gears. Lower no-load losses would mainly be achieved using lower 

oil levels and lower lubricant viscosities. The work is distributed so that at KTH 

computational methods are used to determine how energy losses are distributed and how they 

can be reduced without detrimental effects. Chalmers simulates the oil flow and distribution 

of lubricant in gearboxes as the lubricant viscosity and level is lowered. To test this, KTH 

have a gear test rig that can measure energy losses with different oil levels, gear materials, 

lubricants and so forth. Chalmers has a similar gearbox in order to investigate oil flow and 

distribution as a basis for CFD simulations. 
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1.2 Thesis objective 

The main objective of the research for this licentiate thesis is to increase the efficiency of 

gearboxes and thus be able to reduce the need of a lubricant both for its lubrication and 

cooling effect without any detrimental effects on the performance. 

 

This main objective is divided into five related research questions  

 

- How do surface roughness and coatings on gears affect the efficiency and temperature 

when the immersion depth is decreased? 

- Does measured loss torque in gear efficiency testing vary due to assembly and 

disassembly? 

- How can efficiency testing be made more reliable? 

- How does the running-in gear load affect the efficiency over a broad range of pitch 

line velocities? 

- How does the lubricant temperature affect the gear efficiency? 
 
 
  



3 

 

2 FRAME OF REFERENCE 

2.1 Gearbox efficiency and power losses 

For a truck to move, the internal combustion engine releases the stored chemical energy in the 

fuel in the form of heat, which is turned into mechanical work when the pistons are forced 

down in the cylinders. As the crankshaft is turned by the reciprocating pistons, the connected 

gearbox input shaft also rotates and transfers the power to the gearbox. The outgoing power 

from the gearbox is transmitted via driveshafts to differentials, and axles connected to the 

differentials turn the wheels. In this process the gearbox can adapt the rotational speed of the 

engine by enabling different gear ratios. The different ratios enable torque and speed 

optimization for different driving situations such as starting, hill climbing and cruise speed 

control. As in all mechanical processes, reduced efficiency in gearboxes arises due to various 

power losses. Efficiency is the ratio between the power created (input) and the power output 

to the system, Equation (2.1). The efficiency of the gearbox affects parameters like driving 

performance, fuel consumption and emissions. 

 

input

output

tot
P

P
  

 

(2.1) 

 

Power losses in gearboxes arise from gears, bearings, seals, synchronizers and auxiliaries. 

Furthermore, power losses from gears and bearings can be divided into load and no-load 

losses, where the no-load losses occur even without any power being transmitted, Equation 

(2.2). No-load losses occur mostly due to the lubricant and its properties, the immersion depth 

of the gears, and the gearbox dimensions, but are also due to windage losses from oil and air 

drag present on the periphery and gear faces.  

 

sAuxiliarieationSynchronizSealsNBearingsLBearingsNGearsLGearsTotal PPPPPPPP  ,,,,  (2.2) 

 

Holmberg, Andersson and Erdemir [7] investigated the energy consumption in a globally 

representative passenger car. It was found that of the car’s total fuel energy, 38 % is converted 

into mechanical power. When they further estimated the fuel energy devoted to mechanical 

energy, 15 % was used to overcome friction in the transmission system. An example of how 

gearbox energy losses are distributed can be seen in Figure 1.1, though they will vary with 

other loads, speeds, lubricants and gearbox dimensions. The power losses are due to friction, 

with the largest losses coming from the gear contact. Though gearboxes in trucks and 

passenger cars should not be compared directly due to their differences in size and number of 

gears, an indication of how energy losses in truck gearboxes are distributed can be gained by 

looking at the losses in passenger cars. 

 

 
Figure 1.1 Gearbox energy losses for a passenger car at for a 6-speed manual transmission at part load in 4th 

gear [8] 
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In gear transmissions the gear mesh is a lubricated rolling and sliding contact. There are times 

when the lubricant cannot separate the gear flanks completely for various reasons, which 

means contact between asperities occur.  

2.2 Lubricated contact 

The two most important reasons for adding a lubricant to a gearbox are to create a separating 

film between the gear flanks to reduce friction and wear, and to supply cooling to maintain the 

gear strength. For higher performance, additives are added to the lubricant to help dissolve 

contaminants and reduce wear, friction and foam formation to name a few reasons (Figure 

1.2). 

 

 
Figure 1.2 The main and secondary objectives for the use of lubricant in gearboxes 

 

A lubricant can lower the friction between interacting gears by two different mechanisms. 

These two mechanisms and a combination of the two constitute the three lubrication regimes 

in which many lubricated contacts operate. If the running conditions are favourable, the 

lubricant can separate the gears completely. If there are asperities in contact, the friction can 

be reduced by solid films formed on the surface on which the gears slide. The solid films are 

formed by the additives in the lubricant and are transported to the surfaces by the lubricant. 

The third regime is a combination of these two. A common way to present these three regimes 

is in a Stribeck curve, Figure 1.3, where the coefficient of friction is plotted versus the 

lubricant’s dynamic viscosity and angular velocity divided by the average pressure. Here 

follows a short explanation of the three lubrication regimes.  

  

If the pressure in the lubricant is high enough, the surfaces can be completely separated by the 

lubricant and the surfaces are in effect floating on the lubricant. This is called the full film 

regime. In the full film regime the coefficient of friction depends on the shear resistance of the 

lubricant, i.e. mainly the viscosity. There are different regimes of full film lubrication, with 

gears mainly operating in the elastohydrodynamic regime. 

 

When the load is too high or the viscosity or sliding speed is too low, the gears are in contact 

and the load is transferred by surface asperities. This is the boundary lubrication regime.  The 

additive elements in the lubricant help to form solid layers called tribofilms on the surfaces 

when they slide against each other. The additives can help reduce the friction and withstand 

extreme pressures.  
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The mixed lubrication regime is the combination of full film and boundary regime. Surfaces 

are partly separated, which means that the coefficient of friction depends on both the 

lubricant’s shear resistance and the friction between asperities in contact.  

 

 
Figure 1.3 A diagram of a Stribeck curve showing the three lubrication regimes and how the coefficient of 

friction varies 

 

A lubricant’s viscosity determines its resistance to free flow. The viscosity influences the 

load-carrying capacity, heat generation and friction losses. A lubricant consists of long 

molecule chains of mainly carbon and hydrogen. When a lubricant is exposed to shear 

stresses, these chains resist motion, a sort of inner friction. When the temperature increases, 

the long, bulky molecular chains can rotate and vibrate more and it becomes easier for them to 

slide along each other. Thus the viscosity decreases as the temperature increases. At 

approximately room temperature the rate of decrease is the greatest, but the effect still occurs 

at higher temperatures (Figure 1.4).  

 

 
Figure 1.4 Viscosity’s dependency on temperature. Test performed on the lubricant used in the papers 
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An approximation made by Reynolds can be used to estimate the viscosity temperature 

dependence for a limited range of temperatures, Equation (2.3). 

 

bT

0   
(2.3) 

 

Here η0 and b are constants and T is the temperature. The dependence of viscosity on pressure 

can also be estimated with the classic equation from Barus, Equation (2.4). 

 
pe 0  (2.4) 

 

Here η0 is the dynamic viscosity, α is the pressure-viscosity coefficient and p is the pressure. 
This equation gives a good approximation for pressures up to around 500 MPa where 

lubricants lose their viscous behaviour and become more solid [9]. 

2.3 Friction in rolling and sliding contacts 

In gear contacts resistance against sliding and rolling both occur. The energy losses which 

arise from these two phenomena are dominated by the energy losses due to sliding.  

When surfaces slide against each other, a reactive force against sliding occurs. For most gears, 

the main contribution to this force originates from the shear resistance in the contact 

asperities. When two bodies are in contact, the real contact area consists of the surface 

asperities in contact. When sliding is initiated by a tangential force, elastic displacements 

occur in the surface asperities in the contacts. If the tangential force increases the contacts will 

break when the shear resistance of the weakest material is reached. This is a continuous 

process and new contacts will be formed as the sliding occurs. The force needed to overcome 

the reactive friction force is the shear resistance of the weaker material times the real contact 

area [9]. 

 

The resistance for rolling is significantly lower than for sliding. There is, however, always 

some resistance to rolling, which in gear contacts is mainly caused by elastic hysteresis in the 

contact. Also, as a consequence of elastic hysteresis, the pressure distribution between the two 

surfaces in the contact will be uneven. The phenomena of an uneven pressure distribution can 

be explained that the energy needed to deform the rolling body and the surface at the front of 

the contact is not fully retreated when the deformation relaxes at the back of the contact. The 

contribution from hysteresis energy losses in gear contacts can often be negligible because of 

the high hardness of the gear material [10]. 

2.4 Gear power losses 

Interdisciplinary research is needed to reliably increase the efficiency of transmissions in 

truck gearboxes. This would involve research in areas such as contact mechanics, lubrication 

and surface properties, all of which could contribute to reducing friction and thus increasing 

gearbox efficiency.  

 

Heat is generated as a consequence of friction. It is therefore important in gear research to 

maintain temperatures that do not lower the lubricant’s viscosity too much which make it 

more difficult to separate the gear flanks and thus increase wear rates. Ways to reduce friction 
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and increase the efficiency in gearboxes by focusing on the gear mesh, gear churning losses 

and lubricants are presented below. 

Load-dependent gear power losses arise when a load is being transferred. They can be 

lowered by reducing the amount of sliding between the gear flanks. The geometry of the gears 

influences the load-dependent energy losses. Höhn, Michaelis and Wimmer [11] showed that 

the parameters having the largest effects on load-dependent energy losses were a smaller 

module size and transverse contact ratio. Both modifications yielded lower energy losses 

compared to the reference gears. They also showed that lower energy losses are obtained 

when an increased pressure angle is used. Magalhães, Martins, Locateli and Seabra [12] also 

investigated different gear geometries and showed that smaller module sizes as well as shorter 

gear teeth yield lower energy losses [12]. Lower power loss is also seen when the gear surface 

roughness is lower. Britton et al. [13] compared gears with Ra values of 0.4 µm and 0.05 µm. 

At the heaviest load and speed tested, the gears with the smoother surfaces showed lower 

power losses than the rougher gear surfaces. Lower power losses with smoother gear surfaces 

were also reported in [11].  

 

Coatings and treatments other than lower surface roughness can also yield lower gear power 

losses. Sjöberg [14] confirmed that manganese phosphate gear-like surfaces have a low 

coefficient of friction. Vetter et al. [15] concluded that coatings on gears will be important for 

the reduction of lubricants. Amaro et al. [16] tested molybdenum-coated gears in an FZG gear 

test rig and reported an increased gearbox efficiency of 0.5 % compared to uncoated gears. 

Velkavrh, Kalin and Vizintin [17] reported a lower coefficient of friction for a DLC/DLC- 

coated contact compared to a steel/steel contact for various sliding conditions. 

 

A common way to lubricate vehicle gearboxes is dip lubrication. The gears are partially 

immersed in the oil sump at the bottom of the gearbox housing, and as they rotate during 

operation they lubricate the whole gearbox by dragging and splashing the lubricant around, 

including onto the gear mesh. Dragging in the lubricant is called churning. When using dip 

lubrication, energy losses that arise due to the dragging of the gears in the lubricant are called 

gear churning losses. Höhn, Michaelis and Otto [18] showed that gear speed has the largest 

effect on gear churning losses. Losses increase with increasing immersion depth. The strong 

link between high power losses and increasing rotational speed and immersion depth of the 

gears was also reported by Seetharaman, Kahraman, Moorhead and Petry-Johnson [4]. The 

high power losses occur because the oil is splashed around more intensely as the rotational 

speed increases. This is illustrated in Figure 1.5. Note how the lubricant level drops as the 

speed increases.  

 

 
a)                               b)                 c) 

Figure 1.5 The figure illustrates how the lubricant is splashed around as the gears rotate. Dimensions are the 

same as an FZG gear test rig .a) Wheel rotating at 145 RPM b) Wheel rotating at 290 RPM c) Wheel rotating at 

580 RPM [19] 
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A slight decrease in gear churning losses was seen when the lubricant’s viscosity was 

decreased [4][18]. Changenet and Velex [20] also reported a minor reduction in gear churning 

losses with lower lubricant viscosity. In a dip-lubricated gearbox, Changenet and Velex [21] 

showed that gear churning losses are affected by the gearbox housing dimensions. Flanges 

and deflectors around the gears in axial and radial directions were introduced. An axial 

clearance between the gear and the gearbox wall lowered the gear churning losses 

significantly, while radial deflectors had almost no effect. In addition, a flat plate was placed 

at the bottom of the gearbox. As with the radial deflectors, the plate did not change the gear 

churning losses significantly. The gear geometry also affects gear churning losses:  larger face 

widths give bigger churning losses. The gear module does not seem to influence no-load 

losses significantly, although it is related to gear mesh losses, which affect efficiency. The 

same authors also showed that the rotational direction of the gears also influences the gear 

churning losses [4] with  a direction of down in mesh giving lower gear churning losses. 

 

The type of lubricant used in the gearbox also affects efficiency.  Hargreaves [22] investigated 

six mineral-based extreme pressure industrial gear oils in an FZG gear test rig and found a 

14.6 % higher efficiency for the best performing lubricant compared to the worst performing 

lubricant. The choice of base oil also affects the temperature at which the lubricant stabilises 

during tests [12].   
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3 EXPERIMENTAL EQUIPMENT AND METHOD 
 

The results from all three appended papers were obtained in a back-to-back gear test rig of 

type FZG. As this work is oriented towards energy losses, an efficiency setup was used on the 

test rig. In paper A the influence of surface roughness and coatings on measured power losses 

and temperatures was investigated. How measured loss torque varies under repeated and 

identical test setup was studied in paper B. Paper C investigates how measured loss torque is 

affected by different running-in procedures. 

 

In papers A and C surface measurement were made using a Form Talysurf Intra by Taylor 

Hobson. The Talysurf Intra was used to measure how gear surface roughness changes with 

time in paper A. Gear flank surface measurements in paper C were used to investigate how 

the initial surface roughness was affected by different  running-in procedures. The surfaces 

were measured prior to testing, after running-in, and when the test was completed. 

3.1 FZG back-to-back gear test rig 

The design of the FZG back-to-back gear test rig allows the efficiency of lubricants to be 

tested in order to determine how well they protect gears from wear and surface damage such 

as scuffing, pitting and micropitting [23][24]. The rig can be used to test different gear 

materials, gear geometry modifications, coatings and surface finishes and so forth. A sketch 

of the gear test rig can be seen in Figure 3.1. 

 

 
Figure 3.1 Sketch of the FZG gear test rig. The figure shows how the gear rig is loaded and how the test gear 

box looks without any of the two covers [23] 

 

In the efficiency test setup, the test rig consists of two identical gearboxes, a test gearbox and 

a slave gearbox which have one gear pair each (wheel and pinion). The gearboxes are 

connected to a loop by shafts that enable the power to circulate between them. The power 

needed to drive the loop is equal to the energy losses that occur in the loop due to friction in 

gears, bearings, seals and churning of the lubricant. On the gear side, a sensor which measures 

torque and speed is connected to the slave gearbox. This sensor enables the power losses 

which occur in the power loop to be measured. To drive the power loop a motor is connected 

to the torque and speed sensors at the back.  

 

A load clutch connects the shafts on the pinion side, which means that the load is applied to 

the pinions. Dead weights can be hung on the clutch to enable different loads for testing. The 

loads are standardized and the applied torques range from 0 to 534.5 Nm (Table 3.1). Eight 
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bolts hold the load clutch together by friction force when they are tightened. The load cannot 

be changed during operation.   

 
Table 3.1 Standardized load stages and torques in an FZG gear test rig 

FZG Load Stage Pinion Torque [Nm] 

1 3.3 

2 13.7 

3 35.3 

4 60.8 

5 94.1 

6 135.3 

7 183.4 

8 239.3 

9 302.0 

10 372.6 

11 450.1 

12 534.5 

 

A Siemens computer adjacent to the gear test rig controls the speed and lubricant temperature 

during a test. The input speed of the gear shaft can be set to between 50 and 3500 RPM. 

Several lubricant temperature profiles can be used, including preheating the lubricant to a 

specified temperature before a test starts, or preheating to the temperature maintained 

throughout the test. For tests that are not allowed to exceed a pre-set temperature, cooling 

begins when that temperature is reached.  Test data were acquired and logged using a DAQ 

NI-6009. The data recorded were lubricant temperature in the two gearboxes, torque inside 

the power loop, input torque from the motor, gear rotational speed, and gear bulk temperature. 

 

In order to measure gear bulk temperature for paper A, the gears and the gear test rig had to 

be modified, Figure 3.2. Two holes in which two thermocouples could be fastened were 

drilled 44 mm from the centre of the gear wheels. On the gear side in the test gearbox, the 

shaft was replaced by an 80 mm longer shaft through which a hole was drilled axially until the 

front of the gear, where a hole was drilled radially. The thermocouple wires could then be 

pulled from the gears and through the shaft. At the end and outside the shaft they were 

connected to a slip ring. The radial hole was plugged and sealed with a Teflon plug. A cover 

was placed over the plug and fastened into the shaft by screws. This modification was made 

on the gear side due to lack of space on the pinion side. 

 

A Form Talysurf Intra by Taylor Hobson was used to measure surface topography as tests 

progressed in paper A and C, Figure 3.3. A holder for the Talysurf was placed on the test 

gearbox and aligned with pins put into two holes drilled in the gearbox casing. Surface 

topography was measured on the same gear used for the gear bulk temperature measurements. 

This setup enables surface measurements in situ; no disassembly is needed to measure the 

surface roughness, as disassembly might change system parameters for future surface 

measurements. To ensure that measurements were taken at the same place on the gear flank, a 

water spirit level was placed on top of the same gear teeth for lateral alignment. The Talysurf 

was placed on a board that could be moved horizontally. The accuracy specification of the 

Talysurf is 0.5 µm horizontally and with a resolution of 16 nm over 1 mm can be achieved. A 

tip radius of 2 µm was used in all tests. All surface roughness measurements were performed 

with a contact profilometer without a skid. This allows form, waviness and roughness to be 
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measured. It was placed on the gear due to lack of space on the pinion side, the same reason 

for the placement of the slip ring [25]. 

 

 
Figure 3.2 Modified FZG gear test rig. A longer shaft is used on the gear side of the test gearbox to enable in 

situ gear bulk temperature measurements 

 

 
Figure 3.3 A Talysurf Intra mounted on the test gearbox to enable surface profile measurements on the gear 

wheel in situ 

3.2 Case hardening and physical vapour deposition coating process 

Large quantities of lubricant are needed for cooling compared to the amount needed to 

separate the gear flanks. Friction in gear meshes leads to energy losses which are mainly 

converted into heat, but also into noise and vibration. There are several ways to reduce gear 

mesh friction, including coatings [26] and smoother surfaces [13]. Methods to achieve a 

higher efficiency in the gear mesh in this thesis are presented below.    

 

Surface transformations and coatings are used in a broad variety of fields. Mining equipment, 

machine components and cutting tools in production are common areas where surface 

transformations and coatings are used. By changing the surface either with a coating or a 

surface transformation, lower wear rates and friction can be obtained. Friction and wear are 
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strongly related to the outermost surface. Specialized and more favourable surface 

interactions can take place if the right combination of substrate and surface coatings or 

transformation is in place. The substrate which is coated or transformed can then be chosen 

more freely to accommodate other demands such as corrosion resistance, strength and 

stiffness. Coatings and surface transformations can be produced at a fairly low cost when only 

the surface material is covered or treated. 

 

The most common treatment for gears is case hardening. Gear steel with low carbon content 

is put in a carbon gas atmosphere in a furnace at a temperature between 850 °C and 950 °C to 

reach the austenite phase. At this temperature the carbon atoms can diffuse into the steel 

surface and a carbon content of between 1.05 % and 1.40 % can be reached in the steel. A 

hardening process then takes place as the steel is quenched by cooling it in air. If the steel is 

cooled fast enough, a crystalline structure called martensite is formed. A surface hardness of 

60 ± 2 HRC is common after hardening. The steel can be annealed to reduce the surface 

hardness for a tougher material. Combinations of a hard surface and a tough core can be 

optimized for particular purposes [27]. Yoshida et al. [28] found that the case depth influences 

fatigue strength and failures in gears, and that it can be optimized. This is the standard 

treatment for gears. 

 

Physical vapour deposition (PVD) by sputtering was used to coat two of the gear pairs in 

paper A. In this process the object to be coated is placed on a holder in a vacuum chamber. 

The coating material is placed in line of sight of the object. A negative potential difference is 

applied between the coating material and the holder, where the holder is connected to ground. 

When a low enough pressure is reached a noble gas (usually argon) is introduced to the 

chamber. The difference in potential makes the argon gas ionize, causing the ions to 

accelerate into the coating material knocking out atoms. The atoms then travel through the 

vacuum and finally land on the object [29].  

 

By applying coatings that are harder and have a more easily sheared crystal structure, PVD 

coatings can both reduce the friction in a gear mesh [30] and carry more load until surface 

damage occurs [31].  

3.3 Running-in 

When two new and unused surfaces are in contact and in motion relative to each other, they 

initially undergo a transient process called running-in. During running-in, asperities on the 

surfaces undergo both elastic and plastic deformation. Changes in temperature, rate of wear 

and friction can be observed.  Running-in is a continuous process, and a new running-in 

process is started whenever the operating conditions change [32]. 

  

A gear’s life can be divided into three stages, Figure 3.4. In the first stage (1) initial wear of 

the component takes place. This is the running-in stage. The unused surfaces are in general 

rough, and surface asperities are significantly higher than their surroundings. The wear in this 

stage is therefore high because the larger asperities are being worn off. For lubricated contacts 

such as gears, a running-in and smoothening of the surface is more important than for non-

lubricated contacts, since single high asperities can break through the lubricating film.  

Suitable running-in can often prolong the life of a gear when steady-state operation is reached 

(2). However, if particles are generated from the surfaces during running-in, it can have a 

significant impact on the wear in lubricated contacts [33]. It is desirable to prolong the period 

when gears are operating under steady-state before the third and final stage, accelerated wear 

and failure (3). 
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Figure 3.4 Sketch of wear over time for a machine component. 1) Initial running-in process 2) Steady-state 

operation 3) Increased wear rate and failure 

 

A constant rate of wear and a steady-state of friction are both desired after the running-in 

process is complete. When running-in machine components, friction and wear should be 

investigated simultaneously since the time taken to reach a steady rate of wear can differ from 

the time required to reach steady-state friction. Unused surfaces do not fit together and uneven 

pressure distribution occurs. Hopefully, running-in makes the surfaces match and the pressure 

distribution become more equal over the surface. A reduction in rate of wear and reduced 

local temperature can be achieved [34]. 

 

When running-in gears in real life, the running-in process should remove the highest surface 

asperities and make the surfaces fit together. In a laboratory environment, the running-in 

process should ensure that the surfaces look the same for easier comparisons between tests. 

Several parameters can be varied in a running-in procedure. The speeds can be ramped from 

high to low, or from low to high [35]. The number of load cycles can vary from a few to tens 

of cycles [36], up to several thousand cycles [37]. The gear load can be low [38] or high [16] 

for the same gear geometry. Starting at a low load, the load can be increased during the 

running-in process [39].  

3.4 Gear efficiency testing 

Paper B investigated the variability of measured loss torque due to repeated test setups. Often 

test rigs are used for several years during which numerous tests are performed, and the FZG 

gear test rig is no exception. This means that several test setups, maintenance of the test rig 

and replacement of parts is unavoidable. In the course of these operations bolts and nuts are 

tightened and gears put in to place. As mentioned, the FZG gear test rig can perform 

efficiency tests on different gear geometries, materials and lubricants and so on. For accurate 

and more certain conclusions across tests, minimizing naturally occurring errors from 

handling of the test rig is crucial. 

  

Most energy losses are transformed to heat, but they can also be transformed into noise and 

vibration. Mackaldener [40] describes the noise as caused by 1) excitation 2) transmission and 

3) radiation. When Åkerblom [41] studied gear noise and vibration in relation to different 
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manufacturing methods for gears, he found that the level of measured noise and vibration 

could change significantly for identical repeated tests with the same gear pair. 

  

To determine whether measured loss torque is affected by repeated assembly and 

disassembly, and how it might vary with accurate oil levels and preheating, the same test was 

set up in the FZG gear test rig. One load was tested at six speeds covering the test rig’s 

working range. The lubricant was preheated to 90 °C prior to testing and was controlled at 

that temperature during the tests. Each test lasted five minutes. The loss torque was logged 

during these five minutes. First four tests were performed as a reference, followed by tests 

using an accurate oil level, and with preheating. In all tests, exactly the same gear pairs and 

lubricant were used. Between every test the gear rig was taken apart and reassembled. This 

required that the motor, speed and torque sensors and both gearboxes be disassembled and 

assembled. These assembly and disassembly tests were performed in order to obtain the 

spread of measured loss torque and take it into account when comparing tests. A procedure 

for assembly was created including setting the torques for tightening the bolts and nuts in 

order to minimize errors when several operators are involved.      

3.5 Estimations and calculations 

The gear contact losses in paper A were obtained by estimating bearing, seal and gear 

churning losses and then subtracting those losses from the total measured loss torque. Bearing 

losses were divided into rolling, sliding and drag losses. They were estimated using Equation 

(3.1), Equation (3.2) and Equation (3.3) respectively. These equations and variables can be 

found in the SKF rolling bearings catalogue [42]. The seal losses were estimated according to 

Equation (3.4) [43]. Gear churning losses were determined by subtracting bearing drag and 

seal losses from tests with no load applied. In paper C, load-dependent bearing losses were 

estimated by using Equation (3.1) and Equation (3.2). From tests when the gear rig was not 

loaded, bearing drag, gear churning and seal losses were measured. Nomenclature for 

Equations (3.1) – (3.4) can be seen in Table 3.2.  
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Table 3.2 Nomenclature for Equations (3.1) - (3.4) 

Variable Name Unit 

MBearing rolling Rolling frictional moment Nmm 

φish Inlet shear - 

φrs Kinematic replenishment - 

Grr Geometric rolling Nmm 

υ Kinematic viscosity cSt 

n Rotations per minute r/min 

MBearing sliding Sliding frictional moment Nmm 

Gsl Sliding frictional variable Nmm 

µsl Sliding friction coefficient - 

MBearing drag Frictional moment drag losses Nmm 

VM Drag loss factor - 

KRoll Rolling element constant - 

CW Element dimension constant - 

B Bearing width mm 

dm Bearing mean diameter mm 

ft Lubricant depth factor mm 

RS Bearing dimension factor - 

Pseal Seal losses W 

TOil Lubricant temperature °C 

υ40 ISO VG number at 40 °C cSt 

dsh Shaft diameter mm 

µ Coefficient of friction - 

di Inner diameter mm 

do Outer diameter mm 

FN Normal load N 

d Inner bore diameter mm 
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4 SUMMARY OF APPENDED PAPERS 

4.1 A study of the influence of gear surface roughness and immersion depth on 
gear efficiency and temperature 

Paper A addresses the influence of different surface treatments on gears and the immersion 

depth on power losses and temperatures. Power losses in vehicles gearboxes affect fuel 

consumption. Speed-dependent losses in gearboxes can be reduced by reducing the amount of 

oil splashed around by bearings and gears. The hypothesis is that surface treatments on the 

gears will yield a higher efficiency and a lower generated temperature, thus leading to reduced 

requirements for a cooling lubricant.  

 

All the gears tested were case hardened. A ground gear pair (Ra 0.3 µm) was used as a 

reference to compare with gear pairs which were superfinished (Ra 0.1 µm), DLC coated (Ra 

0.1 µm) and Balinit C coated (Ra 0.1µm). One test with a Balinit C coated gear against 

superfinished pinion was also performed. All gears were tested in an FZG gear test rig with a 

modification which enabled temperature measurements in situ while testing. All tests started 

from 30 °C and were run without any temperature control. The gears were tested at two oil 

levels for five different speeds until a steady-state temperature was reached in the lubricant. 

 

When two coated gears ran against each other, the coatings wore off after the running-in 

procedure. A coated gear against a superfinished pinion yielded a new smoother surface than 

the initial pinion surface. A reduction in power losses were seen for smoother and coated 

gears for the two lubricant levels, as well as a lower gear and lubricant temperature, except in 

the boundary regime. A methodology was also presented for estimating the energy losses in 

the gear contact. 

4.2 Effect of assembly errors in back-to-back gear efficiency testing 

In paper B possible errors in gear testing due to assembly errors were investigated. Errors 

which might occur when setting up and performing tests must be possible to distinguish from 

real improvements. 

 

The rig conditions that were investigated to determine whether and how they affect the 

measured loss torque were repeated disassembly and re-assembly of the same test setup, 

unloading and loading again between speed repetitions, and preheating of the gear test rig 

prior to testing. The same gear pair and lubricant were used throughout all tests. To 

investigate whether assembly errors occur and their magnitudes, one load and six speeds were 

tested in a back-to-back gear test rig of type FZG. The speeds were ramped from slowest to 

highest, and the loss torque measured at each speed. The speeds were repeated six times.  

 

A spread in loss torque between assemblies when the same test set up was used was observed. 

Unloading and loading to the same load between speeds did not have the same effect as 

completely new assemblies did. A slight larger spread in measured loss torque was noticed. 

When the gear test rig was heated for twelve hours prior to testing, significantly larger torque 

losses were measured for the three slowest speeds. At high speeds unwanted variation in 

measured loss torque between assemblies can be minimized by having an accurate lubricant 

level in the gearboxes. With a greater knowledge of assembly errors, it is possible to take 

them into account when evaluating tests in which power losses are measured.  
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4.3 A study of running-in and efficiency of ground gears 

Higher efficiency and lower temperature generation is desired in gear contacts. This would 

lead to lower CO2 emissions and reduce the requirement for a cooling effect from the 

lubricant. Paper C investigated whether different running-in procedures can yield a higher 

efficiency in the gear contact and how the lubricant temperature affects gear efficiency. A 

well-executed running-in procedure can prolong a gear’s life by increasing the time that it 

operates at a steady wear rate.   

 

In an FZG gear test rig, two different running-in procedures were studied to determine their 

influence on efficiency. The difference between the procedures was the contact pressures, 

which were 1.66 GPa and 0.92 GPa respectively at the pitch. The pitch speed of 0.5 m/s, 

lubricant temperature of 90 °C and running-in time of four hours were the same. After the 

gears were run-in, the running-in procedures were evaluated by measuring the loss torque for 

four loads, tested at eight speeds each and at two controlled temperatures of 90 °C and 120 

°C. 

 

A slightly higher efficiency was seen when a higher running-in load was used when testing at 

the same temperature. A slightly higher efficiency was also seen for lubricant temperatures of 

90 °C compared to 120 °C with the same running-in procedure. These two increments in 

efficiency were about 0.06 percent. Efficiency is one aspect related to running-in; another 

issue is that the life of the gears may have been affected by the chosen procedure. This should 

be further investigated.  
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5 CONCLUDING REMARKS, DISCUSSION AND FUTURE WORK 
 

The concluding remarks answer the five research questions. Possible future research based on 

the current research is also presented. 

 

- How do surface roughness and coatings on gears affect the efficiency and temperature 

when the immersion depth is decreased? 

 

A lower surface roughness yields higher efficiency in the gear contact. This in turn results in 

lower operating temperatures, and thus the requirement for the lubricant to provide a cooling 

effect is reduced. After a running-in procedure, a polishing affect was seen on a non-coated 

pinion that had been run against a wheel with a hard coating. The parameters of a running-in 

process that will allow coated gears to retain their coating must be further investigated.  

 

The coatings did not work as intended, but reduced surface roughness was seen on the pinion 

from the polishing effect when it was running against a harder coating on the wheel. There 

have been several reports that coatings do work for these gear dimensions and in this type of 

test rig [26] [30], so coatings should not be excluded in future testing. Their usefulness should 

be further investigated if the lubricant level is decreased even more, as in spray lubrication. 

 

- Does measured loss torque in gear efficiency testing vary due to assembly and 

disassembly? 

 

Yes, repeated disassembly and re-assembly of the same test setup in paper B showed that 

measured loss torque in gear efficiency testing does vary. This should be borne in mind in all 

testing where small differences are being measured and where input parameters need to be 

controlled extra carefully. 

 

- How can efficiency testing be made more reliable? 

 

Efficiency testing in an FZG gear test rig can be made more reliable. Strict control of the 

lubricant level reduces unwanted scatter as the rotational speed increases. The time the rig is 

preheated influences the measured loss torque significantly. Additionally, the preheating time 

should be the same and kept low between tests to reduce large scatter in the measured loss 

torque. Unloading and loading to the same load slightly changes the loss torque scatter. 

Knowing what parameters affect measurements is crucial in efficiency testing. 

 

As repeated disassembly and re-assembly of the same test setup was shown to affect the 

measured loss torque, a procedure to assemble the gear test rig was defined. Torques for 

tightening screws and bolts were prescribed. To further improve the accuracy in efficiency 

testing, it can be of value to repeat the same assembly procedures at other loads and speeds. A 

mapping of torque loss at other common operating conditions might also improve efficiency 

testing. The drawbacks are that this method presupposes no changes in gear surface roughness 

and that the lubricant is not worn down. 

 

- How does the running-in gear load affect the efficiency over a broad range of pitch 

line velocities? 
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In the tests performed in paper C, a higher load in the running-in process yielded higher 

efficiency after running-in. This implies that a running-in procedure can be utilized to obtain 

higher gear mesh efficiency and thus reduce the need for cooling from the lubricant.  

 

There are several institutions and companies that measure friction and testing efficiency. New 

results often use previous results from other authors, and tests are often compared with 

previous tests to put them it into context. This approach requires that the assumptions made 

are valid and match each case. The equations used to estimate bearing and seal losses in this 

thesis were not validated for the bearings and seals used in the gear test rig. This should be 

addressed for more accurate efficiency testing. Other methods to estimate seal losses can be 

found in Martins, Moura and Seabra [26]. Another way of calculating bearing losses can be 

found in [44]. 

 

- How does the lubricant temperature affect the gear efficiency? 

 

In paper C, higher efficiency was shown for the lower of the two tested temperatures. With 

the higher temperature the lubricant film thickness is reduced and surface asperities break 

through it. This implies that the lubricant temperature should not be allowed to increase 

uncontrolled. A lower surface roughness could reduce this problem. 

 

From known power losses in the gear mesh, a temperature model of the test gearbox in the 

FZG gear test rig was set up in a master’s thesis project [45]. The model showed how 

temperature was distributed in the gearbox. The model did not estimate how hot the gear 

mesh became during operation. It would be useful to further develop the model to include 

gear mesh temperature so that the cooling requirements can be predicted.    

 

Based on this research, the following research topics can be explored to further improve 

gearbox efficiency. 

  

- Adding lubricant to the gear contact using spray lubrication  

- Guiding the lubricant to the gear contact 

- Temperature modelling of the gear mesh 

- Determining load-dependent power losses from bearings in the gear test rig for better 

estimation of the efficiency 
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