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Sammanfattning 

Den här rapporten behandlar inkörning av kuggyta med hänsyn till glidhastighet, last och dess inverkan 

då manganfosfat används som ytbeläggning, och görs för Volvo Powertrain. För att sänka miljöpåverkan 

och uppnå de stränga lagkrav, vad gäller utsläpp, behöver Volvo öka förståelsen för vad som händer vid 

inkörningen av växellådan. Det här arbetet görs som en del av Volvos forskning inom området inkörning. 

Ett tribologiskt test har utförts med hjälp av en pinne-på-skiva tribometer. Detta  gör det möjligt att 

variera olika parametrar och studera dess inverkan under inkörningsperioden. För att kunna göra en 

jämförelsestudie har en låg och en hög nivå initierats med avseende på glidhastighet och pålagd last. Till 

att börja med gjordes en förstudie vars syfte var att utröna tillräcklig provtid och lastpunkter. Även 

metoden för att tillsätta smörjmedel utfördes under förstudien. Till huvudtesterna bestämdes provtiden till 

40 minuter för både den höga och den låga nivån. 

Den parameter som registreras från pinne-på-skiva tribometern är den tangentiella kraften vilket på ett 

enkelt sätt kan omvandlas till friktionstal. Friktionstalet fluktuerade ganska mycket vid de flest testen 

vilket gjorde det svårt att gör en ordentlig jämförelse mellan den låga- och den höga nivån. Men när 

medelvärdet och standardavvikelsen användes kunde en viss skillnad upptäckas. Generellt sett var 

friktionen lägre då de renslipade skivorna användes. 

Då LOM användes kunde viss förståelse av nötningstakten på både skiva och pinne erhållas. 

Nötningstakten är högre för alla fall där manganfosfat användes och en trolig orsak till det är att oljan 

innesluts i den kristallstruktur som manganfosfaten är uppbyggd av. Detta leder till en mindre 

filmtjocklek av olja mellan ytorna vilket ger mer motstånd och även högre nötningstakt. 
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Abstract 

This report treats the aspect of running-in of gear surfaces regarding speed, load and the influence of 

manganese phosphate as a coating and is done for Volvo Powertrain. To lower the environmental impact 

and fulfill today’s stringent legislation, regarding emissions, Volvo need to enhance the understanding of 

running-in. The work is done as a part of Volvos research concerning running-in.  

A tribological test was carried out using a pin-on-disc tribometer. This makes it possible to vary different 

parameters and study their effect on the running-in period. To do a comparative study a high and a low 

level was initiated regarding sliding speed and load. The tests began with a pre-study in order to 

determine the right testing time and load points. Also the lubrication supply strategy was developed and 

implemented in the testing procedure. For the main tests the running time was determined to 40 minutes 

for the high- and low level for both the load and speed. 

The only output parameter from the pin-on-disc tribometer is the tangential force which is easily 

transformed to the coefficient of friction. As expected the coefficient of friction was fluctuating and 

difficult to observe any difference between the low and high level. But when using the mean value and 

standard deviation some difference could be discerned. Generally, the friction was lower using a ground 

disc which was not coated with manganese phosphate.  

Using LOM inspection some understanding of the wear rate for the discs and pins could be obtained. The 

wear rate is higher for all cases where the phosphate is used and a reasonable explanation to this is that 

the phosphate retains the added oil due to its crystal structure. This effectively reduces the film thickness 

of the oil between the surfaces which causes the larger resistance and higher wear rate. 



8 

 

  



9 

 

 

Content 
 

1 Introduction ........................................................................................................................................13 

1.1 Background and problem description ............................................................................................13 

1.2 Aims ............................................................................................................................................13 

1.3 Delimitations ................................................................................................................................13 

1.4 Method.........................................................................................................................................13 

2 Frame of reference ..............................................................................................................................15 

2.1 The friction phenomena ................................................................................................................15 

2.1.1 The adhesion part of friction ..................................................................................................15 

2.1.2 The plowing term of friction ..................................................................................................17 

2.2 Friction with lubrication ...............................................................................................................18 

2.3 Manganese phosphate coating ......................................................................................................20 

3 Method ...............................................................................................................................................23 

3.1 Equipment and configuration ........................................................................................................23 

3.2 Specimen preparation ...................................................................................................................23 

3.3 Mounting the disc and pin ............................................................................................................24 

3.4 Lubrication supply .......................................................................................................................25 

3.5 Specimen and lubricant ................................................................................................................26 

3.6 Test conditions .............................................................................................................................27 

3.6.1 Pre-studies .............................................................................................................................27 

3.6.2 Main tests ..............................................................................................................................27 

3.7 Analysis methods .........................................................................................................................27 

3.7.1 Friction force .........................................................................................................................27 

3.7.2 Light optic microscope ..........................................................................................................28 

3.7.3 Glow discharge optical emission spectrometry .......................................................................28 

4 Results ................................................................................................................................................29 

4.1 Pre-studies ...................................................................................................................................29 

4.2 Main tests .....................................................................................................................................30 

4.2.1 Friction curves .......................................................................................................................30 

4.2.2 LOM analysis ........................................................................................................................32 

4.2.3 GD-OES analysis ..................................................................................................................34 

5 Discussion ..........................................................................................................................................37 

6 Conclusion ..........................................................................................................................................39 

6.1 The main conclusions ...................................................................................................................39 



10 

 

6.2 Recommendations for future work ................................................................................................39 

References .............................................................................................................................................41 

Apendix A, GD-OES .............................................................................................................................43 

Apendix B, Friction curves ....................................................................................................................47 

Apendix C, Test protocol (main tests) ....................................................................................................48 

 

  



11 

 

Nomenclature 
 

Abbreviations 
 

EHD   Elastohydrodynamic 

SEM   Scanning Electron Microscope 

PLC   Programmable Logic Controller 
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1 Introduction 
1.1 Background and problem description 

 
Volvo Powertrain is a member of Volvo Group which is one of the world´s leading manufacturers of 

transport vehicles for commercial use. Volvo Powertrain provides driveline solutions to applications such 

as trucks, buses, construction equipment and boats. More stringent legislation regarding emissions pushes 

Volvo to manufacture more efficient products. Volvo is actively working to reduce losses in the driveline 

and to reduce the losses even more Volvo needs to enhance the understanding of running-in of gears.  

Some gears in the gearbox are coated with Manganese phosphate which is applied in the last step before 

assembly. Manganese phosphate has a positive effect on the running-in and has been used for a long time 

but the cause to this is not fully understood.  A way to increase the understanding of running-in is to do a 

pin-on-disc test which is a tribological way to simulate gear contact mechanisms.  

1.2 Aims 

 

The main purpose of this master thesis is to gain the knowledge about Manganese phosphates influence 

on parameters such as load and sliding speed and how it’s connected to the friction. Its also important to 

explore the possibility for a chemical reaction in the contact zone. Previous studies have shown very good 

resistance to seizure when adding manganese phosphate as coating for a shorter time. Therefore its 

necessary to evaluate testing for long time and hopefully gain the knowledge about some parts of the 

running-in of gears. 

1.3 Delimitations 

 
When performing a tribological investigation with a method such as the pin-on-disc, it will result in a lot 

of measured data and for this reason only two different loads and sliding speed will be used. Actual gear 

contact consists of both a sliding and a rolling part, but using a pin-on-disc machine is a simplified model 

and only the sliding part can be simulated.  

The same type of discs and pins, regarding physical and surface properties, will be used for all tests and 

only one lubrication blend will be used. Thermal effect and micro-structural changes will not be 

investigated. 

1.4 Method 
 

To establish a better knowledge about the running-in behavior of gears a set of tribological tests has been 

performed. There are several types of tribological test methods to evaluate different types of contact 

mechanisms, and the one used in this study is the pin-on-disc test. The controllable parameters when 

using a pin-on-disc machine are the applied normal load and the sliding speed, and the resulting 

parameter, which can be monitored is the tangential (friction) force.  A preliminary test plan was 

established with different loads and speeds and the outcome from these pre tests were then used to set up 

a new test plan for the main tests.  

For the main tests two different operation points were used, a high and low load and two different sliding 

speed. To inject the lubrication, a pneumatically controlled syringe with a nozzle was used. 
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2 Frame of reference   
 

2.1 The friction phenomena 

 

The friction phenomena occur when two materials is sliding against each other, when this happens a lot of 

heat energy is generated. In applications like gearboxes and combustion engines it is desirable to keep the 

friction low which will reduce heat dissipation and result in lower fuel consumption. The friction force 

can be divided into static- and dynamic friction (1). 

One factor that is of great importance when talking about friction is the area of real contact and the ability 

to measure it.  A surface on a machined part, like the tooth flank on a spur gear, is never entirely smooth. 

There are many asperities of different length and shapes. When for example a square block is put on a 

substrate the contact area will be less than the bottom area of the block. When this occurs adhesion will 

be present in form of welds or junctions. In the beginning there is only a single junction, when the block 

is further lowered more junctions are formed. The asperities are first elastically deformed but will cause 

plastic flow when the block is lowered even further.  Experiments have shown that the contact area of a 

single junction is of order approximately 10µm. 

The cause of friction can be described from two phenomena, the shearing of the metallic junctions 

(adhesion) and the plowing of material (plowing term). The sum of these terms gives the total friction and 

can be written as, 

                (1) 

Where    is the adhesion term and     is the plowing term. 

2.1.1 The adhesion part of friction 

 

In this case with the asperities plastically deformed the contact pressure p will be so high that it is 

comparable to strength of the materials that are in contact. This gives, 

             (2) 

where H is the hardness of the least hard surface.  The true area is then proportional to the normal load, 

     
 

 
     (3) 

The force   required to shear the junctions is then equal to the friction force if neglecting the plowing 

term and assuming that the work hardening of the metal is negligible. If the average shear strength of the 

junctions is   , then  

       

              
 

 
       (4) 

Dividing with N gives the friction, 

         
  

 
     (5) 



16 

 

Because of plastic yielding and a small amount of work hardening, the interface between welded 

asperities may be as strong as or even stronger than the bulk material. This implies that the average shear 

strength of the junctions   , may be assumed to be equal to the shear strength of the least hard material 

which are in contact,  . Thus, 

         
 

 
     (6) 

This simple derivation explains the basic laws of friction originally determined by Amonton. From 

experiments Amonton showed that the friction force is proportional to the normal load and independent of 

the apparent area of contact. 

The friction model described above comes from the extensive work of Bowden and Tabor (2) which they 

developed during several decades in the mid 20th century. Their theories has been well established among 

researchers and often used even today to explain the origin of friction. 

For perfectly clean and smooth surfaces (e.g. gold) enormous values of μ can be achieved. However, for 

most materials   is of order of 0,2H which in this case gives, 

                (7) 

A way to explain the behavior of junction growth is to include the tangential stress. The yield criterion for 

this is then 

                (8) 

Where p and s are the normal and tangential stresses and α is a constant of about 10. When there is no 

tangential stress involved,     and     . To satisfy equation (8) when a tangential stress is included 

p has to decrease which only is possible if the real contact area is increasing. The real contact area is 

increasing due to the shape of the asperities and the asperities sinking together. If      ⁄  is the static 

contact area the increase of the contact area, when applying a tangential force, can be written as 

        (
  

 
)
 

 (
  

  
)
 

   (9) 

The junction growth can however be terminated caused by the existence of contaminant layers which are 

weaker than the bulk material. Gross sliding occurs when the shear strength reaches a critical value 

caused by the maximum tangential stress,   . Introducing       and from equation 8 sliding is present 

when 

       
     

        (10) 

The adhesion part of the friction is then 

        
    

    
 

 

√ (     )
   (11) 

Figure 1. How the contact area increases with applied tangential load shows how the real contact area 

increases when a tangential force is applied. For     the contact area and the tangential force 

coefficient      ⁄   will growth indefinitely. This phenomenon will merely happen for perfectly clean 

and dry metallic surfaces like precious metals. From basic laws of friction the tangential force coefficient 

     ⁄   is equal to the coefficient of friction   . 

Sliding begins when the real contact area reaches a value that corresponds to the current value of K(3). 

Only a small reduction of K, because of contamination, will drop the tangential force coefficient 

significantly to more reasonable values.  
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Figure 1. How the contact area increases with applied tangential load (3) 

2.1.2 The plowing term of friction 

 

The surface consists of many asperities of different shapes and length, therefore the ability to calculate the 

friction coefficient during sliding without making any assumptions and simplifications are very complex 

and practically impossible. If an asperity is characterized as a hard cone sliding against a softer material 

the friction coefficient is much more easily calculated. The geometry of the cone can be seen in Figure 2.  

 
Figure 2 .The plowing term of friction 

These simplifications require that the material is supposed to be isotropic and there is no pile-up of the 

material throughout the sliding. The component A1 of the area of contact supports the normal load N and 

the component A2 resists the tangential displacement with a force Fp. From Figure 2 the coefficient of 

friction due to plowing will be 

      
  

 
 
  

  
 

 

 
      

 

 
   

 
 

 
       (12) 

This expression gives low values of the friction coefficient because the slopes of the asperities in fact are 

quite small. Consequently this gives a small contribution to the total coefficient of friction if not the 

adhesion part is very small. 
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2.2 Friction with lubrication 
 

In almost all types of mechanical applications today there is some sort of solid or liquid lubrication. The 

lubrication separates the surfaces in contact which prevents asperity contact and wear. When the asperity 

contact is then reduced, the friction is lowered and the generated heat will be transferred to the lubricant.  

There are three different regimes when describing the friction behavior in a plain journal bearing in 

relation to the bearing speed, the applied load and the viscosity of the lubricant and was originally 

developed experimentally by Richard Stribeck (1861-1950). This is called the Stribeck-curve and is 

shown in its simplest way in Figure 3, below. Here the friction is plotted as a function of Uη/W, where U 

is the bearing speed, η the dynamic viscosity and W the applied load (4). 

 
Figure 3. Illustration of the Stribeck curve (4) 

For low values of (Uη/W) the load is entirely borne by the surface asperities, due to the surface 

roughness, and is called the boundary regime. In this regime the dynamic friction of coefficient is 

decently independent of the load and typically has a value of 0.08-0.12. At high values of (Uη/W) a 

regime called hydrodynamic or elastohydrodynamic (EHD) lubrication arise and consists of a lubrication 

film. Here the surfaces are fully separated and both the hydrodynamic film thickness and friction increase 

proportionately with (Uη/W)
0.5

. This regime begins where the friction is lowest, i.e. at the right dashed 

line in Figure 3. 

The third and last regime is known as the mixed or partial lubrication regime and lies between the 

boundary and the hydrodynamic regime. In this intermediate region, the load is borne both by the 

asperities and by the lubrication film. In Figure 3, this regime is located between the dashed lines. From 

Figure 3 it is difficult to find the transition from boundary to mixed regime and a way to identify this 

point better is to use a logarithmic scale. This is done in Figure and the corresponding theoretical, smooth 

surface, film thickness is plotted below showing the connection between lubrication regime and film 

thickness. 
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Figure 4. Stribeck and film thickness curves (4). 

In Figure 4 the force, W is excluded and the reason for this is that the film thickness varies only slightly 

with applied load, especially in the EHD regime. The approach in Figure 4 may be even more generalized 

by replacing log(Uη) with log(λ) where the lambda value λ is the ratio of the film thickness h to the 

combined roughness σ of the surfaces (λ=h/σ). Typically the transition from EHD to mixed lubrication 

takes place at about λ=3, but the transition from mixed to boundary lubrication is less obvious. It should, 

however, be noted that for low lambda ratios it is usually assumed that the roughness has no effect on the 

fluid film thickness except for low lambda values. The pressure created by the lubrication is of Hertzian 

shape and can be seen in Figure 5. 
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Figure 5. Elastohydrodynamic lubrication: contact pressure and surface separation (example) (5) 

2.3 Manganese phosphate coating 
 

Manganese phosphate is widely used in the automotive industry and especially as coating on gears. Due 

to manganese phosphate crystalline structure its main advantage is the ability to absorb and bond the 

lubricant which separates the surfaces during running-in. This also decrease the possibility of scuffing and 

galling on the tooth flanks of the gear(6). 

 
Figure 6. SEM structure of the manganese phosphate coating and the principle of the contact mechanism to the right (7) 

Figure 6 shows the crystal structure of manganese phosphate when applied on the surface, and to the right 

a schematic sketch of the influence of manganese phosphate. When treating the metallic substrate with 

manganese phosphate a pickling reaction occurs which is damaging the surface and creating pits (6). This 

may be observed in Figure 7. 
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Figure 7.Phosphated substrate to the left and untreated to the right (8) 
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3 Method 
The work has been divided into different stages; the first step was to do a background study which was 

mainly obtained from articles within the topic of tribology. Then the actual tests were done which 

consisted of a set of pre-tests for evaluation and optimization and then the main tests were performed.  

The results from the main test were then used in the subsequent analysis for discussion and to draw 

conclusions. The last step was to compile the results and to write a report. 

3.1 Equipment and configuration 

 
Figure 8. The tribometer with attached weight and fixed test specimen 

For the tests a pin-on-disc tribometer was used. The tribometer can be seen in Figure 8 and consists of a 

lever arm with an attached weight on the left side which is pushing the pin down and creating a pressure 

on the disc. The ratio between the attached weight and the acting force on the disc is 2.2. The pivot point 

of the lever arm is in the middle and to the right there is a calibration weight to ensure leveling and that 

there is no acting force on the disc when no weight is attached. The weight to the furthest right makes it 

possible to fine tune the lever arm. The complete rig can be moved horizontally which allow the pin to 

slide on different radius of the disc. Controllable parameters are the rotating speed of the disc and the 

attached weight. When the disc is rotating a tangential force is created which can be monitored trough a 

load cell (not visible in figure). 

3.2 Specimen preparation 

 

The pins were first washed in methanol and air dried, then marked up and stored in closed test-tubes, see 

Figure 9. The discs were cleaned in the same way and stored in anti corrosive bags. 
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Figure 9. Pin with carrier 

3.3 Mounting the disc and pin 
 

It is not possible to exclude all sources of errors when mounting and remounting discs and pins, but a way 

to minimize the errors is to mount the disc and pin in the same manner each time. 

 

Figure 10. The adapter plate mounted on the base-plate 

 

The tribometer is used for different types of discs and an adapter plate is therefore needed for fastening 

the disc. In Figure 10 the adapter plate is fitted to the base-plate with four screws and the conical screw on 

the top is for mounting the disc. The reason why the top screw is conical is to make sure that the disc is 

mounted in the centre of the rotating axis which will minimize the radial run-out. When using an adapter 

plate like this the downside is that the radial- and the axial run-out may be increased due to tolerances 

from the manufacturing process and mounting errors. However, the adapter plate is only mounted once so 

most of the radial- and axial run-out will probably be the same for all of the tests. No special measures 

were done when mounting the pin except using plastic gloves in order to protect the pin from fat coming 

from the fingers. 
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3.4 Lubrication supply 
 

It is important to ensure good lubrication, both in terms of amount and how to distribute the lubrication. 

Different ways to inject the oil manually were tried out but the best way to guarantee good and stable 

lubrication was to use a pneumatic actuator controlled by a programmable logic controller (PLC). The oil 

was initially filtered through a coarse filter to eliminate large particles and debris. Several attempts were 

made to filter the oil trough an 8 micron filter but it was not possible due to too high viscosity of the 

lubricant. 

 

Figure 11. Filtering machine with the filter carrier and feeding screw 

 
Figure 12. Measuring the axial run-out 

When the disc was mounted the axial run-out was measured each time which is done in Figure 12. The 

axial run-out was never more than 0.04 mm. An arm with an attached holder, fixating the syringe, is 

located to the right. An adjustable valve was also used to regulate the pressure in the pneumatic system, 

for the tests the pressure was held between 1-2 bar. This can be seen in Figure 13. 
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Figure 13. Adjusting the inlet pressure 

3.5 Specimen and lubricant 
 

The discs and pins used in this study was casehardened steel (equivalent to 16MnCr5)(9). The disc was 

forged, turned, heat treated and ground. The pins were manufactured in the same manner, except they 

were rolled instead of forged. The processed materials have a minimum surface hardness of 58 HRC and 

a minimum depth of case (DC) of 0.8 mm. The surface roughness for the discs were Ra = 0.15 ± 0.04 and 

Ra = 0.035 ± 0.05 for the pins (9). Half of the set of the manufactured discs were then coated with 

manganese phosphate which was approximately 8 µm thick. The discs have a diameter of 200 mm and 

the pin has a diameter of 10 mm and a spherical end radius of 5 mm, which can be seen in the Figure 14 

below. 

 
Figure 14. Disc and pin 

 

 

In this investigation only one type of lubricant was used and it’s ordinary commercially available 

transmission oil with the physical characteristics listed below. 

Table 1. Lubricant physical characteristics 

Viscosity @ 40°C 

[cSt] 

Viscosity @ 100°C 

[cSt] 

Density @ 15°C 

[kg/m
3
] 

64 11.8 837 
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3.6 Test conditions 

 

3.6.1 Pre-studies 

 
A couple of pre-studies were made with a ball from a ball-bearing and an old disc. The ball has the same 

radius as the pin and approximately the same properties regarding hardness and surface roughness. Both 

ground specimen and specimen coated with Manganese Phosphate where used but the ball from the ball-

bearing was not coated.  The main purpose of the pre-studies was to determine the right load to use for 

both the high and low level, but also to see how much the friction curve fluctuated when adjusting 

different parameters and for how long time the tests needed to be. For the high level of both the load and 

speed it was important to break through the coating of manganese phosphate for possible chemical 

reaction. 

Another important aspect is the injected amount of lubrication. When injecting lubrication it is important 

to ensure sufficient lubrication in the contact zone. Also the amount of injected lubrication and the 

intensity affect the friction curve. Preferably the injections should not be detected from the friction curves 

and the best way to ensure this is to inject a small amount often.  

Different combinations of load, speed and injection rate of the lubrication were tried out which resulted in 

a test scheme for the main tests. 

3.6.2 Main tests 

From the pre-studies a test scheme were developed for the main tests, which can be seen in Table 2.  

Table 2. Test parameters 

 Load [N] / Pressure [GPa] Sliding speed [m/s] 

Low level 50 / 1,7 0,1 

High level 138 / 2,4 4 

 

Each parameter was combined once resulting in four different cases. For every test the pin was in 

stationary contact with the disc and the load applied from start. The acceleration time of the disc was one 

second for all tests and the sliding speed was held constant during the test. The injection rate of 

lubrication was the same for all tests and was 0.2 ml/min. 

Each parameter was combined once resulting in four different cases for each disc, 8 in total.. Every test 

lasted for 40 minutes, then the pin is moved for approximately 0.6 mm and another test was done. This 

was repeated for 7-8 times until the total tracewidth was 4-5 mm which made it possible to do the GD-

OES analysis afterwards. 

3.7 Analysis methods 

 

Three different types of methods were used to analyze the running-in behavior.  

3.7.1 Friction force 

 
When performing the tests in the tribometer pin-on-disc machine the only measurable parameter is the 

tangential force which is measured with a load-cell, and controlled trough a computer. With the computer 

its possible to alter the measuring frequency. The frequency was set to 75 Hz, and this was done for 

several reasons, mainly to ensure multiple measurements for each revolution but also because this 
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frequency would not interfere with the frequency of the electricity, i.e. 50 Hz. For the sliding speed of 4 

m/s a measurement is then done approximately every fifth cm. 

 

3.7.2 Light optic microscope 

A Light optic microscope (LOM) was used to detect the changes in wear rate during the running-in and 

made it possible to understand the wear characteristics of the phosphate coating.  With the microscope 

measurements were done with magnifications of 200X. 

3.7.3 Glow discharge optical emission spectrometry 

 

The GD-OES analysis technique is based on the use of a glow discharge device as an optical emission 

source. This device consists of a vacuum chamber usually filled with argon or some other inert gas. 

Glowing plasma is maintained by a controlled high voltage of 500 V to 1000 V applied between the 

anode and cathode in the inert gas. The sample to be analyzed serves as the cathode. Atomization of 

sample material in the glow discharge is done trough ion sputtering. Ions from the inert gas are then 

accelerated towards the cathode. When the ions collide with surface, electrons are shifting orbitals and 

thereby photons are emitted. The emitted photons are registered by a spectrum collector. Since every 

element has a different wavelength, each element can be detected by their differences in spectrum (10). 
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4 Results 
4.1 Pre-studies 
 

The purpose of the pre-studies was to find the right load for the high and low level, and the right injection 

rate and amount of lubrication. It also gave the opportunity to learn how to make good and repeatable 

tests and the best way to process measured data. From the beginning the testing time was set to 10 

minutes but the layer of manganese phosphate was not worn off much even when quite high load applied. 

The testing time was then adjusted to 40 minutes and a new series of tests were performed. The low load 

level was also kept low in the beginning and then gradually increased, between the tests, until a satisfying 

part of the manganese phosphate layer had been worn off. 

 

Figure 15. 4 m/s, 35 N, 10 minutes to the left and 4 m/s, 50 N, 40 minutes to the right 

The figure above shows two different tests with different load and running times but the same sliding 

speed. To the left the load is 35 N for 10 minutes and to the right 50 N for 40 minutes, with a sliding 

speed of 4 m/s. It was decided that 50 N (2 GPa) for 40 minutes would be used in the main tests as the 

low load parameter because some of the manganese phosphate layer had been worn off, exposing the 

ground specimen, but still a lot of it left. 

The load was then gradually increased even more to determine the high load parameter for the main tests. 

The load could easily been raised beyond 138 N (2.4 GPa) but unfortunately this was the maximum 

possible applied load due to practically limitations with the pin-on-disc machine.  

 

Figure 16. Insufficient lubrication 
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Figure 16 above illustrates a case when the injection of lubrication is deficient. Here the lubrication has 

been manually injected every second minute. By introducing PLC injection rate could be controlled in a 

much better way. The best way to minimize the influence on the friction curve, when injecting 

lubrication, was to inject a small amount often. For the main test the injections was done every other 

second, resulting in an amount of 0.2 ml/min. 

4.2 Main tests 

 

A lot of tests were performed and only those of most interest will be shown here. Still, the large amount 

of measured data may be used for more thorough investigation in the future. A complete record of the 

tests can be found in appendix C. 

4.2.1 Friction curves 

 

 

Figure 17. Friction curves for the low load during 40 minutes 

The tangential force on the lever arm was monitored during 40 minutes. Depending on the load, the force 

was then converted into coefficient of friction curves as seen in Figure 17. In general the friction ranged 

between 0.02 and 0.16. In Figure 17 only the first test for the low load is shown. The friction curves can 

also be seen in appendix B.  Another seven tests were performed for each combination of load and speed. 

To get a clear and simple overview of the repetitions a set of bar diagrams for each load and speed has 

been compiled. Only six of the repetitions is used in the bar diagrams though. 
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Figure 18. Bar diagrams of the friction for the low speed 

The figure above displays the low sliding speed. The bars are showing the mean value and the error bars 

shows the standard deviation. For the phosphated disc and the low load the fluctuations is approximately 

±10% for all cases except for the initial test. And between the tests the mean value does not vary more 

than ±5%. Almost the same behavior occurs for the high load but the mean value is slightly lower, on the 

other hand the fluctuations are bigger which gives a greater uncertainty. 

The friction curves from the unphosphated disc are distinctly lower for all cases compared to the 

phosphated cases. The standard deviation is very small both with the high and low load. In these cases the 

friction is slightly higher when the load is raised which is the opposite compared to the phosphate tests. 

The figure below shows the friction from the high speed, and the difference between the low speed cases 

is quite significant. For the low load the friction is lower with the phosphate disc compared to the 

unphosphated disc. The corresponding cases for the low speed show the opposite, with higher friction for 

the phosphate cases. Its also interesting that the friction decreases during the repetitions and in the end is 

very low (~0.02), which might indicate some sort of full film lubrication. When applying the high load 

seizure occurs and this is also why its only shown once. 
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Figure 19. Bar diagrams of the friction for the high speed 

4.2.2 LOM analysis 

 

 

Figure 20. The pin for the speed of 0,1 m/s and 50 N with a magnification of 200x 

Figure 20 and Figure 21  illustrates the difference in wear rate for the pins. To the left are the 

unphosphated pin. An interesting note is that these pins have been used for all of the six repetitions which 

give a total running time of 240 minutes. Converted into sliding distance its 57.6 km for 4 m/s and 1.4 km 

for 0.1 m/s. The wear area is not much bigger between the low and high speed which suggests that the 

load is more important regarding the wear rate. 
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Figure 21. The pin for the speed of 4 m/s and 50 N with a magnification of 200x 

To the left in Figure 22 is the ground disc with traces from the pin when the low load and speed has been 

applied. Traces made by the pin are barely visible, but traces from the manufacturing process are much 

more observable and also deeper. To the right is the disc coated with manganese phosphate subjected with 

the same load and speed. The trace to the right hand side has worn of more phosphate coating due to 

much smaller wear area on the pin in the beginning. Still, much of the phosphate remains and some pits 

from the pickling process are visible which contains more phosphate. 

 

Figure 22. The disc for the speed of 0,1 m/s and 50 N with a magnification of 50x 

Figure 23 below illustrates the disc with the high load and high speed applied. In the left picture, where 

the disc has no coating applied, severe seizure has occurred and pieces of material has been worn off. To 

the right a lot of the manganese phosphate coating has been worn off and some marks from the 

manufacturing are revealed, but not the slightest indication that seizure has occurred. The wear of the 

phosphate coating is more even and the pickling pits are more prominent and its obvious that the pits are 

filled with phosphate. 

0.1 mm 0.1 mm 

0.5 mm 0.5 mm 
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Figure 23. The disc for the speed of 4 m/s and 138 N with a magnification of 50x 

4.2.3 GD-OES analysis 

 

The GD-OES analyses was done for all combinations of load and speed for both phosphated and ground 

discs i.e. 8 samples. Also 2 reference samples were measured which makes it possible to discover any 

types of chemical reaction with the lubricant or the manganese phosphate layer. Only the maximum and 

minimum load and speed combinations are shown below.  In order to fit the samples in the GD-OES 

machine smaller pieces of the discs were cut out, washed in acetone and air dried. A complete 

compilation of the GD-OES graphs can be found in appendix A. 

 

Figure 24. The reference sample of the GD-OES analysis 

Figure 24 and Figure 25 shows how the mass concentration of a substance changes with the depth. One 

difference is that the amount of carbon is slightly higher for the tests with high speed and load no other 

big difference can be noticed. 
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Figure 25. GD-OES analysis sample for the high load and high speed 

Figure 26and Figure 27 below illustrates the difference in the depth of the phosphate layer and shows that 

after 40 minutes of testing with high speed and load some manganese phosphate are still left. 

 
Figure 26. Reference sample of the GD-OES analysis 
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Figure 27. GD-OES analysis sample for the high load and high speed   
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5 Discussion 
 

The tests show that the coefficient of friction is generally higher for the phosphated disc than the 

corresponding cases with the unphosphated disc and should suggest that the wear rate is higher for these 

cases. This is also confirmed when using LOM to visually inspect the wear rate. To verify this from two 

different sources enhances credibility and ensures that the testing procedure is done in the right manner. A 

hypotes to explain the higher friction is the crystalline structure of manganese phosphate, which 

effectively collect the lubricant in cavities and retains it. This effectively reduces the film thickness of the 

oil between the surfaces which causes the larger resistance and the higher wear rate. 

For lower gliding speeds the coefficient of friction is fluctuating a lot, this could be explained by some 

sort of stick-slip motion and may derive from the pits filled with phosphate done by the pickling process. 

It is important to remember that the same pin is used for all the repetitions which mean that the contact 

conditions are not the exactly similar among the tests. The contact area increases for each repetition due 

to wear and affecting the contact pressure which will be lower. 

However, for long time testing (>40 min) the coating of manganese phosphate would presumably be worn 

off completely and the fluctuation of the friction should decrease. But after 40 minutes of testing very 

much of the coating layer still remains at the surface which is confirmed both with the GD-OES analysis 

and LOM.  

It is clear that the manganese acts as a bumper to metallic asperity contact which also reduces the 

adhesion effect and the wear. Maybe the wear is more controlled with manganese phosphate and that the 

wear particulates are much smaller which gives a smoother surface but at the same time the wear rate is 

higher since the worn off area is bigger for the pins used on the phosphate discs. 

Since up to eight tests were performed and the difference is small between the tests this should indicate 

that the results are statistically secured and credible.  
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6 Conclusion 
 

The tests clearly show that the layer of Manganese phosphate is not worn off as quickly as expected and 

is still active after 40 minutes.  The anti seizure effect is one of the most distinctive features and 

especially when lubrication supply is a little bit low, which are the case in this study.  

6.1 The main conclusions 
 

 The coating of manganese phosphate does not lower the friction during the running-in but 

effectively keeps the surfaces apart and completely prevents any kind of seizure or scuffing. Its 

most likely that seizure or scuffing, during normal load and speed conditions occur in the very 

beginning of the operating time. 

 The layer of manganese phosphate is still active after 40 minutes of testing. Most likely this is 

due to the pits created by the pickling process of the metal when applying the manganese 

phosphate. These pits are filled with manganese phosphate and lubricant. 

 The pickling pits serves as protection and no seizure occurs on either the phosphated discs or pins 

even after long sliding distance and high load applied 

 The wear rate was higher on the pins which may be connected to the higher coefficient of friction 

 The effect on friction losses is too early to say before long time testing has been done  

6.2 Recommendations for future work  
 

 Longer testing time which will show if the fluctuations and the friction will be lower when the 

manganese phosphate is worn off  completely 

 Test phosphated pins on phosphated discs to compare the wear rate with unphosphated pins. 

 Test other lubricants with different additives and do GD-OES 

 Do tests in gear-test rigs for better comparison with actual gear contact. 

 Perform shorter tests to see how much of the manganese phosphate is worn of within the first 

couple of minutes. 

 Try to do test with lubricated discs but not injecting oil during the tests to see how the manganese 

phosphate is handling the decrease in lubrication and how this affect the coefficient of friction  

 Do SEM study to see microstructure changes. 
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Apendix A, GD-OES 
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Apendix B, Friction curves 
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Apendix C, Test protocol (main tests) 

Test nr. 
Running 
time [min] 

frequency 
[Hz] Load [N] 

Speed 
[m/s] 

Speed 
[rpm] 

Radius 
[mm]   Disc nr. Pin nr. Purpose Straightness [mm] File 

1 40 75 50 0,1 27 35 Phosphated 1 12 GD-OES 0,03 20110301a 

2 40 75 50 0,1 27 35,6 Phosphated 1 12 GD-OES 0,03 20110301b 

3 40 75 50 0,1 27 36,2 Phosphated 1 12 GD-OES 0,03 20110301c 

4 40 75 50 0,1 27 36,8 Phosphated 1 12 GD-OES 0,03 20110302a 

5 40 75 50 0,1 27 37,4 Phosphated 1 12 GD-OES 0,03 20110302b 

6 40 75 50 0,1 27 38,2 Phosphated 1 12 GD-OES 0,03 20110302c 

7 40 75 138 0,1 38 25 Phosphated 1 15 GD-OES 0,03 20110302d 

8 40 75 138 0,1 38 25,6 Phosphated 1 15 GD-OES 0,03 20110302e 

9 40 75 138 0,1 38 26,2 Phosphated 1 15 GD-OES 0,03 20110302f 

10 40 75 138 0,1 36 26,8 Phosphated 1 15 GD-OES 0,03 20110302g 

11 40 75 138 0,1 36 27,4 Phosphated 1 15 GD-OES 0,03 20110303a 

12 40 75 138 0,1 36 28 Phosphated 1 15 GD-OES 0,03 20110303b 

13 40 75 138 0,1 36 28,6 Phosphated 1 15 GD-OES 0,03 20110303c 

14 40 75 138 0,1 34 29,2 Phosphated 1 15 GD-OES 0,03 20110303d 

15 40 75 138 4 849 45 Phosphated 1 8 GD-OES 0,03 20110303e 

16 40 75 138 4 849 45,6 Phosphated 1 8 GD-OES 0,03 20110303f 

17 40 75 138 4 849 46,2 Phosphated 1 8 GD-OES 0,03 20110303g 

18 40 75 138 4 830 46,8 Phosphated 1 8 GD-OES 0,03 20110303h 

19 40 75 138 4 813 47,4 Phosphated 1 8 GD-OES 0,03 20110304a 

20 40 75 138 4 795 48 Phosphated 1 8 GD-OES 0,03 20110304b 

21 40 75 138 4 795 48,6 Phosphated 1 8 GD-OES 0,03 20110304c 

22 40 75 138 4 795 49,5 Phosphated 1 8 GD-OES 0,03 20110304d 

23 40 75 50 4 695 55 Phosphated 1 22 GD-OES 0,03 20110304e 

24 40 75 50 4 695 55,6 Phosphated 1 22 GD-OES 0,03 20110304f 

25 40 75 50 4 637 56,2 Phosphated 1 22 GD-OES 0,03 20110308a 
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26 40 75 50 4 637 56,8 Phosphated 1 22 GD-OES 0,03 20110308b 

27 40 75 50 4 546 57,4 Phosphated 1 22 GD-OES 0,03 20110308c 

28 40 75 50 4 658 58 Phosphated 1 22 GD-OES 0,03 20110308d 

29 40 75 50 4 658 58,6 Phosphated 1 22 GD-OES 0,03 20110308e 

30 60 75 50 4 658 59,2 Phosphated 1 22 GD-OES 0,03 20110308f 

31 40 75 50 0,1 27 35 Ground 2 14 GD-OES 0,039 20110309a 

32 40 75 50 0,1 27 35,3 Ground 2 14 GD-OES 0,039 20110309b 

33 40 75 50 0,1 27 35,6 Ground 2 14 GD-OES 0,039 20110310a 

34 40 75 50 0,1 27 35,9 Ground 2 14 GD-OES 0,039 20110310b 

35 40 75 50 0,1 27 36,2 Ground 2 14 GD-OES 0,039 20110310c 

36 40 75 50 0,1 27 36,6 Ground 2 14 GD-OES 0,039 20110310d 

37 40 75 50 0,1 27 37 Ground 2 14 GD-OES 0,039 20110310e 

38 32 75 50 0,1 27 37,5 Ground 2 14 GD-OES 0,039 20110311a 

39 40 75 50 0,1 27 38,1 Ground 2 14 GD-OES 0,039 20110311b 

40 40 75 50 0,1 27 38,7 Ground 2 14 GD-OES 0,039 20110311c 

41 40 75 138 0,1 38 25 Ground 2 19 GD-OES 0,039 20110311d 

42 40 75 138 0,1 38 25,4 Ground 2 19 GD-OES 0,039 20110311e 

43 40 75 138 0,1 38 26 Ground 2 19 GD-OES 0,039 20110311f 

43 40 75 138 0,1 38 26,6 Ground 2 19 GD-OES 0,039 20110311g 

44 40 75 138 0,1 38 27,2 Ground 2 19 GD-OES 0,039 20110311h 

45 40 75 138 0,1 38 27,8 Ground 2 19 GD-OES 0,039 20110312a 

46 40 75 138 0,1 38 28,4 Ground 2 19 GD-OES 0,039 20110312b 

47 40 75 138 0,1 38 29 Ground 2 19 GD-OES 0,039 20110312c 

48 40 75 138 4 849 45 Ground 2 1 GD-OES 0,039 20110313a 

49 40 75 50 4 695 55 Ground 2 21 GD-OES 0,039 20110313b 

50 40 75 50 4 695 55,3 Ground 2 21 GD-OES 0,039 20110313c 

51 40 75 50 4 682 55,9 Ground 2 21 GD-OES 0,039 20110314a 

52 40 75 50 4 682 56,5 Ground 2 21 GD-OES 0,039 20110314b 

53 40 75 50 4 682 57,1 Ground 2 21 GD-OES 0,039 20110314c 
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54 40 75 50 4 682 57,7 Ground 2 21 GD-OES 0,039 20110314d 

55 40 75 50 4 682 58,3 Ground 2 21 GD-OES 0,039 20110314e 

56 40 75 50 4 647 58,9 Ground 2 21 GD-OES 0,039 20110314f 

57 40 75 50 0,1 48 20 Ground 3 18   0,035 20110315a 

58 40 75 50 0,5 191 25 Ground 3 4   0,035 20110316a 

59 40 75 50 4 1273 30 Ground 3 5   0,035 20110316b 

60 40 75 80 0,1 27 35 Ground 3 11   0,035 20110316c 

61 40 75 80 0,5 119 40 Ground 3 7   0,035 20110317a 

62 2 57 80 4 849 45 Ground 3 2   0,035 20110317b 

63 40 75 80 4 849 45 Phosphated 4 25   0,038 20110317c 

64 40 75 80 0,5 119 40 Phosphated 4 6   0,038 20110317d 

65 40 75 80 0,1 27 35 Phosphated 4 17   0,038 20110317e 

66 40 75 50 4 1273 30 Phosphated 4 3   0,038 20110318a 

67 40 75 50 0,5 191 25 Phosphated 4 10   0,038 20110318b 

68 40 75 50 0,1 48 20 Phosphated 4 17   0,038 20110318c 
 

 


